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ABSTRACT
de Melo Lima Miranda, Gabriel. Master., Purdue University, December 2016. De-
velopment of a Modular Mobile Solar Heater for Applications in Low-Temperature
Grain Drying. Major Professor: Klein Ileleji.
Crop drying is an energy intensive process and a major cost incurred in production
agriculture. For example, about 60% of energy use in corn production in the Midwest
is for drying corn to a safe moisture content, typically to 15% or below. Though solar
energy is the most abundant renewable resource and a great heat source that can
be used for drying without adversely impacting the environment, its efficient use for
drying crops in commercial dryers or grain bins has not been realized.
This research explores an evacuated heat pipe solar collector liquid system for
low-temperature corn drying. This was accomplished by placing the collector on a
mobile platform which enables its use in various applications such as, space heating
of buildings and hot water systems. This increases its utilization, and thus, its return
on investment. The system was conceived, designed and assembled as part of this
research.
Mini bins (5 gallon drums) were used to verify the experimental drying perfor-
mance with regards to the solar unit’s delivered air temperature and flow rate. The
moisture content variations observed were 19% to 15.6%, 20.8% to 15% and 25% to
9% (w.b.), respectively. Heat transfer fluid flow rate was varied which allowed for the
investigation of its correlation with drying air temperature rise. Results showed the
best collector efficiency flow range. Its average efficiency (44.6%) was greater than
the collector’s rated efficiency (42.2%).
A control bin operating with ambient air was used in order to establish a baseline
for comparison of the solar drying performance under varied weather conditions.
xvi
The results were compared and served for an empirical validation of a combined
simulation model (an equilibrium model incorporating thin-layer drying equations).
The model was evaluated on the basis of RMSE and MBE. Both parameters were
below 3.2% demonstrating good agreement with the values in the experiment.
Finally, the model was used to estimate low-temperature drying methods (natural
air, continuous heat and solar) energy efficiency performance for corn being dried in
a bin of 15 feet (4.57 m) diameter and 6.5 feet (1.98 m) depth. The simulation was
run for a 10 points moisture removal (25 to 15%). The simulation was accomplished
using as weather database the typical meteorological year (TMY3) for West Lafayette,
IN, USA. TRNSYS and the solar collector performance data provided by SRCC were
used to predict the system’s performance. The outdoor test results showed the sys-
tem successfully provided good air temperature rise during drying test conditions
(up to 28◦C). The scaled-up simulation results showed the system is suitable for dry-
ing systems up to 919 bushel (23 tonne). It could provide energy savings of 3.1%
when compared with natural air systems, and 91.4% when compared to continuous
heat systems using liquid propane, considering all systems operating under the same
schedule management.
11. INTRODUCTION
1.1 Agricultural Energy Consumption Outlook
The agricultural sector in the U.S. utilizes energy and energy-intensive products
that account for a significant share of agricultural production costs. For crops like
corn, sorghum, and rice farmers allocated over 30 percent of total production expen-
ditures on energy inputs in the year of 2011 [1].
The energy used in agricultural operations is typically divided into 2 categories:
direct use of fuels and electricity and indirect use of energy through energy-intensive
inputs mainly in the form of fertilizer and pesticides (Figure 1.1). Direct energy use
accounts for 63 percent of agricultural energy consumption. Fuels (liquid propane,
natural gas, diesel and gasoline) use the dominant share of direct energy [1].
The distribution of energy use differs by agricultural sector and type of crop (Fig-
ure 1.2). In any case, on-farm fuel usage is incurred not only in planting, harvesting
and transportation, but also in several applications where solar thermal power could
potentially be used such as greenhouse temperature control, for space and water
heating, and crop drying.
Even though it is not in Figure 1.2, the drying process is the stage where a
substantial amount of energy is consumed, and it can reach up to 60% of total energy
consumed in corn production in the Midwest USA [2].
As energy prices and volatility have increased in the past decades, incentives for
energy efficiency and on-site renewable energy use have emerged [3].
As technology and awareness has increased, energy prices have not been the only
driver for on-farm renewable energy adoption. As explored in the following section,
considerations such as environment, social, and political issues have played a role in
motivating the adoption of renewable energy techniques and processes.
2Fig. 1.1. Energy inputs consumed on U.S. farms, by component, 2001-
11. Reproduced from USDA - Economic Information Bulletin Number
112 [1].
Fig. 1.2. Estimated energy use associated with each crop. Reproduced
from Camargo, Gustavo et. al. [4].
3Fig. 1.3. Total U.S. Greenhouse Gas emissions by Economic Sector
in 2014. Total emissions in 2014 = 6,870 Million Metric Tons of
CO2 equivalent. Adapted from Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990-2014 [6].
1.2 Environmental Challenges in Agriculture
Agricultural activity is responsible for 9 percent of U.S. Greenhouse Gas (GHG)
emissions (Figure 1.3), and along with forestry and land use they account for 24
percent of global emissions [5]. These emissions ultimately lead to global warming,
and all the many concerns related to it, which can impact a variety of aspects of life
on this planet.
In this respect, renewable energy resources appear to be the most effective solution.
Being a free and renewable source, it may offset production energy costs by generation
of electricity or energy conservation practices as well as address the environmental
problems humanity faces today.
The USDA (2011) report [3] states that by using solar energy, U.S. agriculture has
the potential to significantly reduce the use of gasoline, diesel, gas, electricity, wood,
and subsequently GHGs emissions.
Being that GHG emissions are the driving force of climate change, agriculture
faces a sustainable food production challenge in order to ensure food security for an
increasing global population, adapting to climate change, and contributing to climate
4change mitigation. The decoupling of production growth from emissions growth is
greatly supported by the adoption of renewable energy.
1.3 Solar Energy as an Alternative
Solar power conversion systems may be classified as direct or indirect, and direct
systems may be passive or active. Direct or indirect relates to the number of stages
prior to the radiant energy application. In direct systems, the solar radiation is readily
absorbed and converted to useful power by two means: a) Passively: natural means
such as, radiation, natural convection, thermosiphon flow and thermal properties of
construction and building materials for collection and heat transfer, and b) Actively:
use of pumps, fans and heat exchangers, and heat-transfer fluids [7] [8]. In Indirect
systems, the radiant energy is converted by natural processes in other energy forms
such as wind, tides, rain which can generate hydropower, and biomass energy. Direct
solar energy is used to heat and cool buildings, to heat water (domestic and industrial)
and swimming pools, to power refrigerators, to operate engine and pumps, for water
desalinization, and for agricultural applications such as crop and grain drying, and
heating barns and greenhouses.
Solar energy is the most abundant renewable resource and a great heat source for
meeting energy demands without adversely impacting the environment. Hence, it is
strategic for sustainable development.
Nevertheless, even with a 99 percent increase in on-farm energy production from
2008 to 2011, this number still represents only 1.6 percent of farms [1]. The reason
for this extremely low number may be attributed to a combination of factors that
ultimately drive sustainable development. Economic reasons have primarily prevented
solar energy from being more widely accepted, but this alone does not completely
explain the lack of adoption of solar technologies. In his book, Brian Norton [9]
stated that economic assessment of solar energy use involves solid market structures,
5Fig. 1.4. Drivers for sustainable development. Reproduced from Norton, Brian [9].
public policy, tacit and noticeable political presumptions and social values regarding
the environment. Drivers for sustainable development are represented in Figure 1.4.
In agricultural systems, the high costs of delivered energy, is in most instances
a result of relatively low utilization factor for systems having single-purpose uses,
i.e. corn drying which typically requires only 2-3 months a year [7] [10].Herwig [7]
continues and affirms that if a system can be used for a number of needs (multiple
uses) during the year, it will considerably reduce the cost of the useful energy delivered
and improve the system’s economics.
Lastly, the National Climate Assessment report [11] on the mitigation efforts for
lowering GHG emissions declares in its ”Research Needs Section” the necessity of
engineering and scientific research on cost-effective energy use technologies (devices,
systems, and control strategies) and energy supply technologies that produce little or
no CO2 or other GHGs.
The sections above justify the importance and reinforce the research directed to
global challenges by addressing how existing local technology can be used to address
energy conservation and renewable energy use in agriculture. The Mobile Solar Heat-
ing System that was designed, assembled and tested, as described in this thesis, set
the basis for future modular designs that can be configured on-site for use in other
various applications. For example, after the unit has been used for crop drying, it
could be unhooked for use in another on-farm or off-farm application such as space
6heating a barn, or heating a greenhouse, etc. This improves economic return to the
technology adopter, and contributes to sustainable development.
1.4 Research Hypothesis and Goals
This research project involves conceptualizing the design of a modular mobile solar
heat delivery unit, fabricating a prototype of the design and testing the fabricated
prototype under field conditions for grain drying. It was hypothesized that adoption
of solar energy for thermal applications such as grain drying or space heating will
be increased if the unit is packaged into a modular mobile thermal delivery system.
This will make the unit versatile, increase usage per year and thus reduce the overall
return on investment. The goal of this research is to understand different interactions
between ambient conditions and a system’s process variables such as collection area,
collector efficiency, heat transfer components and fluid flow rates effect in the a) useful
energy gain b) heat transfer working fluid temperature, and c) output air temperature.
Understanding these interactions, solar drying process, water and space heating may
be described by models presented in the literature, and its energy and costs offset
can be accessed. A drying model was validated by conducting performance tests
for outdoor batch drying of shelled corn. Its results compared with the observed
experimental results (empirical validation).
1.4.1 Research objectives
The focus of this project was to investigate the solar useful heat gain by an Evac-
uated Tube Heat Pipe Solar collector (SunQuest250) and its conversion to an air
heating system by means of a circulating heat-transfer fluid passing through a heat-
exchanger and coupled with a fan in order to heat the air used in an in-bin dryer.
The heated air flows through an insulated duct, and enters a mini bin to simulate
an in-bin corn drying bed. For the field experiments in this study, a 0.163 m3 (5.75
ft3) (57.15 cm (22.5 in) x 87 cm (34.25 in) (63.5 cm (25 in) when the false floor
7height is subtracted) cylindrical steel drum was used. The intention was to simulate
in-bin NA/LT drying processes. This enabled the use of the system output air psy-
chrometric properties in a fixed-bed drying model as described by Smith et al [12],
Dalpasquale et al [13], and Morey et al [14]. A validated model can be used as the
basis for an energy and costs assessment comparing it with other low-temperature
drying methods (Natural Air and Continuous Heat) by scaling up the system.
In order to achieve process information that are required for predictability of the
design, and accomplish the goals stated above, the following specific objectives were
established:
1. Develop a mobile modular solar heat capture and air delivery system for low
and medium temperature batch crop drying systems and space heating;
2. Compare the performance of the modular mobile solar thermal air delivery
system and a natural air in-bin drying system when tested under similar ambient
conditions and fit data to a drying model to verify the model accuracy;
3. Apply the TRNSYS modeling tool to predict heat output performance of the
mobile solar thermal platform under prevailing weather conditions to a des-
ignated location considering the collector’s efficiency performance parameters,
thermal components size, and process’ air and heat-transfer fluid flow rates.
4. Conduct a cost analysis of low-temperature in-bin drying systems by simulating
a natural air, a continuous heat and a solar heat in-bin drying system under
similar ambient conditions in West Lafayette, Indiana.
In the next chapters, the nature of solar radiation and its application in drying
systems are reviewed. Then the system parts are described along with the perfor-
mance models that were used. Furthermore, the experiment design and set-up is
explained. Finally, the tests and simulation results are presented and discussed.
82. SOLAR ENERGY COLLECTION AND SOLAR
DRYING: A REVIEW
2.1 Introduction
This chapter provides an overview of solar collection environmental parameters
and technologies as well as major aspects of the nature of solar radiation. Evacuated
tube collector type is explored in more detail, and the collectors’ performance equation
and the collector test procedure are presented. Moreover, a solar drying methods
overview with a literature review about the operating modes are presented.
2.2 Solar Thermal Collection
Solar thermal systems use solar radiation to heat a fluid (normally a liquid, al-
though it may also be air), and are thus clearly differentiated from photovoltaic sys-
tems. Photovoltaics systems are based on the ability of certain materials to directly
transform solar radiation into electricity [15].
Solar thermal energy conversion systems are different from other energy conversion
systems because the amount of energy available to a solar energy system is intermit-
tent and not controllable. For example, it is generally not possible to increase the
amount of solar radiation striking a solar collector whenever the collector’s output
is inadequate for the energy load it is trying to serve. Hence, the specification for
designing a system adequate for specific loads is a far more complicated problem for
solar systems than other energy systems. Therefore, the energy input in solar system
design is an additional challenge [16].
Understanding solar energy as a variable energy source is fundamental for proper
solar systems design, Boes [16] lists the factors that affect solar energy availabil-
9ity. There are seven main factors which greatly affect the amount of solar radiation
incident upon a collector.
1. Geographic location;
2. Site location of collector;
3. Collector orientation;
4. Time of the day;
5. Time of the year;
6. Atmospheric conditions;
7. Collector design.
The parameters listed above are very important when matching the solar collection
system to a given load. Location, orientation, and time variables precede component
design and sizing, and will greatly impact the levels of useful heat that can be reached
for a given system configuration.
A fundamental part of this system approach is the solar collector. This component
will dictate the rate of thermal energy absorption to the system, and along with the
utilization pattern will influence the specification of the other components. The next
sections describe different solar collection technologies as well as how they have been
deployed in the drying of agricultural products.
2.3 Solar Radiation
The sun works as a fusion reactor where hydrogen is turned into helium with a total
energy output of 3.8×1020MW of which the Earth intercepts 1.7×1011MW [15] [17].
Solar energy is in the form of electromagnetic radiation with wavelengths ranging
between 0.25 and 3.0 µm [8] [18]. While solar radiation falls within this range, its
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intensity is concentrated in the visible (0.4 to 0.7 µm) and near-infrared (over 0.7
µm) wavelength range.
The intensity of solar radiation falling on the collector’s surface is a function
of many factors. Geometric relationships between the earth and the sun, a plane
of any particular orientation relative to earth at any time, date, and geographic
location, and the position of the sun relative to the plane must be considered. These
positions can be described in terms of several angles. Duffie and Beckman [18],
ASHRAE Handbook [19] and Goswami et. al. [8] detail this list of angles. Duffie and
Beckman [18] presented the angles in the list format below:
• Latitude.
• Declination.
• Slope (surface tilt angle).
• Surface azimuth angle.
• Hour angle.
• Angle of incidence.
• Zenith angle.
• Solar altitude angle.
• Solar azimuth angle.
The earth’s atmosphere alters the sun’s direct radiation by absorbing, scattering
and reflecting it. Atmospheric scattering of solar radiation is caused by nitrogen,
oxygen, and other molecules in atmosphere’s composition with similar wavelength to
the solar radiation as well as aerosols, water droplets, dust and other particles with
diameters comparable to these wavelengths [19]. The phenomenon has an important
consequence: it splits the solar radiation into direct and diffuse components. The
11
Fig. 2.1. Typical Air Mass equals 1 or AM1 clear sky absorption and
scattering of incident sunlight Reproduced from McGraw-Hill Com-
panies, Hu, C. & White, R.M. (1983), Solar Cells: From Basic to
Advanced Systems, McGraw-Hill, New York.
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solar radiation incident on a terrestrial surface of any orientation and tilt is the sum
of beam (direct) radiation and diffuse radiation (Figure 2.1).
Using trigonometric calculations it is possible to account for these different ra-
diation components in order to get the incident solar radiation on a tilted surface.
There is also a reflected radiation component that reaches the surface from the earth
or from adjacent surfaces that should be accounted for.
Completing all these calculations is a very extensive, and somewhat cumbersome
task. This is not within the scope of this research. They were presented here in
order to provide some context. Solar radiation records may not be available or may
be incomplete for a specific location or when they do exist some conversions may
be necessary. For further details, the literature referenced here is a good source of
information, more specifically in the 2015 ASHRAE Handbook - HVAC Applications
Chapter 35 - Solar Energy Use [19] and Solar Energy Handbook Chapter 2 - Funda-
mentals of Solar Radiation [16].
For the design and economic evaluation of solar energy systems, it is essential to
have detailed information about solar radiation availability at any location [8]. So
considering the type of collector to be used, each solar radiation component incident
on the collector’s surface needs to be determined.
Databases available online or in commercial software packages are a great resource
to verify the performance of a solar thermal system for a specific site [20]. Typical
meteorological year (TMY) is a weather database widely used to assess heating and
cooling performance for building designs as well as design of solar energy systems
(domestic and large scale solar plants). The first TMY data sets correspond to data
collected between 1948 and 1980. The second version, called TMY2, has data collected
from 1961 to 1990. The third, and latest collection (TMY3) corresponds to data
derived from 1976-2005 period. Increasing numbers of locations and new features are
available from one version to the other. The TMYs are data sets of hourly values of
solar radiation and meteorological elements for a 1-year period. Their intended use
is for computer simulations of solar energy conversion systems and building systems
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to facilitate performance comparisons of different system types, configurations, and
locations in the United States and its territories [21]. TMYs represent typical rather
than extreme conditions, they are not suited for designing systems to meet the worst-
case conditions occurring at a location [21]. This research has used the Typical
Meteorological Year most recent version (TMY3) available on the National Renewable
Energy Laboratory (NREL) website as input to evaluate a scaled-up application of
the system.
2.4 Commercial Solar Thermal Collector Types
In direct active solar systems (section 1.3), the most important and most expensive
single component of an active solar energy system is the collector field [22].
The decision on one or another collector design depends on the operating condi-
tions i.e. on the range of values of (Ti − Ta)/GT that are expected in an application,
and on costs. Efficiency is not the only factor that must be considered. Although a
collector may be more efficient than another in a range of operating conditions, it is
not necessarily the best economic choice [23].
Even though the designs may vary a lot, solar collectors may be separated into
two main general types: concentrating solar collectosr and flat-plate collectosr.
Concentrating collectors reach temperatures far above those attainable by flat-
plate collectors. Concentration of the solar radiation is achieved by reflecting the
direct solar radiation incident on the collector’s aperture area onto a smaller absorber
area.
Because concentrating solar systems only use direct solar radiation, and since the
trajectory of this radiation is given by the Sun’s position with respect to the Earth,
concentrating collectors have to have a system for moving them that tracks the Sun
throughout the day [15].
Some of the commercial systems are:
• Parabolic dishes;
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• Central receiver systems;
• Parabolic trough collectors;
• Linear Fresnel concentrators.
The tracking mechanisms are very costly to build and operate.
Flat-plate collectors are used for applications requiring moderate temperatures
(below 125◦C). They use both direct (beam) and diffuse solar radiation, do not require
tracking of the sun, require less maintenance, and are mechanically simpler than
concentrating collectors. The major applications of these units are in solar water
heating, building heating, air conditioning, and industrial process heat [23].
There is a wide variety of models, differentiated mainly by the heat transfer fluid
and by the number and effectiveness of thermal barriers incorporated to avoid thermal
loss to the surroundings i.e. a low coefficient of heat loss, and thus being able to
operate at higher temperatures [15].
There are two basic types based on the heat transfer fluid:
• Liquid type. The heat transfer fluid may be water, an ethylene glycol and water
solution, or a propylene glycol and water solution.
• Air type. The heat transfer medium is air. Commonly used for drying and
space heating.
Goswami et. al. [8] provided a list of advantages and disadvantages for each type
of system used for space-heating (Table 2.1).







Advantages and disadvantages of air and liquid space-heating systems.
Air Systems
Advantages Disadvantages
No freezing problem. Space heating only.
No internal corrosion problem. Large space requirements for ducts.
Leaks of smaller consequence Larger storage volume required for rocks.
No heat exchanger necessary. Cannot store heat and heat building simultaneously




Higher transport energy density. Freezing problems.
Better heat-transfer properties. Leakage problems.
Water storage has higher energy density. Corrosion problem.
Suitable for heating and cooling. Heat exchanger required.
Small fluid conduits. Boiling and fluid expansion provisions required.
16
• Evacuated tubes.
Glazing refers to the number of glass sheets above the absorber area. In evacuated
tubes, the absorber is inside two concentric tubular glass tubes with a vacuum between
them.
This research utilizes an evacuated tube heat pipe collector, and for this reason
the detailed technical aspects that follow will be focused on this type of collector.
2.4.1 Evacuated Tube Collectors
As the solar system’s operating temperature increases, the collector’s heat loss also
increases. Ordinary flat plate collectors have their efficiency greatly reduced at ele-
vated temperatures, due to their high heat loss coefficient. When higher temperatures
are required, the heat loss coefficient must be reduced. Evacuated tube collectors can
operate at a relatively high energy efficiency in a design temperature range of 75 to
90◦C [24]. The vacuum inside the glass tube greatly reduces the dominant heat losses
by convection and conduction at the absorber surface.
Evacuated tubes have different designs with regards to the mechanism that heats
the working fluid. There is a flow-through design and a heat pipe design (Figure 2.2).
In the flow-through types, the working fluid flows through tubes that are placed
inside the evacuated tube, captures heat, and flows to its final destination (storage
or load). The heat-pipe design features a heat pipe placed inside the vacuum sealed
tubes. A liquid-vapor phase change cycle is used to transfer heat to the working fluid.
A heat pipe is a hermetically sealed tube that contains a small amount of heat
transfer fluid that undergoes an evaporating-condensing cycle. In this cycle, solar heat
evaporates the liquid, and the vapor travels to the heat sink region where it condenses
and releases its latent heat. The condensed fluid returns to the solar collector and the
process is repeated [25]. A working fluid flowing in the manifold picks up the latent
heat of condensation.
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Fig. 2.2. Schematic diagram of an evacuated tube collector. Repro-
duced from Kalogirou [25].
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Fig. 2.3. Thermal resistance circuit for an evacuated heat pipe collec-
tor. Reproduced from Jafarkazemi et. al. [28].
2.5 Solar Collector Performance
The solar thermal collector performance guides a solar thermal system design.
There are mainly two categories of solar collector test methods: The steady-state test
method and the dynamic test method [26]. Even though the steady-state method
does not account for transient effects such as variable weather conditions and the col-
lector’s thermal capacitance, this method is the most broadly accepted for engineering
calculations [23] [27].
The steady-state method can be derived analytically from an energy balance using
a thermal resistance circuit (Figure 2.3 ) [24] [28].
This balance will lead, ultimately, to the steady-state performance equation, also
known as the Hottel-Whillier-Bliss equation.
Qu = AcFR[GT (τα)− UL(Ti − Ta)] (2.1)
A detailed energy balance derivation are available in the literature [23] [27] [28].
2.5.1 Collector Testing Data Application
The overall performance of solar collectors is conducted experimentally using pro-
cedures specified in international standards. In the US, ASHRAE/ANSI 93 has been
adopted. Other relevant standards are: EN 12975 and ISO 9806-1 [23] [28].
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ASHRAE 93 provides test methods and calculation procedures for determining
steady-sate thermal performance, time, and angular response characteristics of solar
collectors [29].
The basic concept is to expose the operating collector to solar radiation and mea-
sure the inlet and outlet temperatures as well as the fluid flow rate. The heat trans-
ferred to the fluid, in units of watts or Btu/h, is then:
Qu = m˙Cp(To − Ti) (2.2)












So it is possible use test data to determine the collector parameters that dictate
how the collector gains and loses heat using a linear regression approach. FRUL is
the slope and FR(τα) is the y-intercept of the regression line(Figure 2.4).
Fig. 2.4. Experimental collector efficiency data measured for a liquid
heating flat-plate collector. Reproduced from Duffie et. al. [23].
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In the U.S., the SRCC, the Solar Rating Certification Corporation, conducts these
tests and provides performance parameters for commercially available collectors.
2.6 Solar Drying Overview
The objective of drying agricultural products is to accomplish moisture content
reduction to prevent deterioration during the storage time interval regarded as safe
storage period [30].
In the Handbook of Industrial Drying [10], the author, referring to other publica-
tions, states that post-harvest losses are more than 30 percent and this value could
be reduced to a great extent by adequate drying of crops.
Drying has been predominantly accomplished by burning fossil fuels to heat air.
This method has the disadvantage of causing environmental pollution. The equipment
is an expensive investment and it has high energy costs. When brought to a developing
country, the problems are aggravated due to lack of skilled personnel for operation and
maintenance as well as unavailable or unreliable conventional sources of energy [10].
Humans have been using solar energy since prehistoric times. Notably, solar evap-
oration to obtain salt from sea water, and natural drying of agricultural products out-
doors by direct sun exposure for food preservation were some of the first applications
of solar energy [7] [31].
In using solar energy for drying, it may be the sole source of required heat or a
supplemental source, and the airflow may be either forced (active) or natural con-
vection (passive). The heating procedure may be direct product exposure to the sun
(direct), passage of pre-heated air through the product (indirect) or a combination of
the two (mixed) [30].
2.6.1 Classification of Solar Drying Systems
Solar drying is different from sun drying. In solar drying, collectors are used to
harness solar radiation for the drying process. Sun drying is the exposure of the
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material to the sun in the open air. It is a common practice in many developing
countries, especially those where outdoor temperatures reach 30 C or more [32].
The classification of solar heaters in a proper manner is a difficult task. There are a
great number of dryer configurations, of which many are empirical constructions [33].
This means there are no performance guidelines that drive the design process, and
the construction is more based on trial and error experience.
The solar dryers’ classification criteria also may change. Tyagi et. al. [33] classifies
dryers with regard to the presence of energy storage, number of covers, extended
surface, and tracking axis. Ekechukwu and Norton [34], and Sharma and Chen [32]
present a systematic classification with regard to operating modes and dryer types,
which are described below on Figure 2.5.
Solar dryers can be classified into two major groups, namely [30] [34]:
• active solar-energy drying systems (most types of which are often termed hybrid
solar dryers); and
• passive solar-energy drying systems (conventionally termed natural-circulation
solar drying systems).
Three distinct sub-classes of either the active or passive solar drying systems can
be identified, which vary mainly in the design arrangement of system components
and the mode of utilization of the solar heat, namely [30] [34]:
• Direct (integral-type) solar dryers;
• Indirect (distributed-type) solar dryers; and
• Mixed-mode solar dryers.
Open Sun Drying
Absorption of heat by the product is accomplished by short wavelength radiation
absorbed by the crop surface. The absorbed radiation increases the crop’s tempera-
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Fig. 2.5. Classification of dryers and drying modes. Reproduced from
Ekechukwu and Norton [34].
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Fig. 2.6. Typical solar energy dryers. Reproduced from Norton, Brian [30] [34].
ture. When the temperature increases enough, the water vapor pressure of moisture
in the crop exceeds the vapor pressure of the surrounding air. Evaporation of mois-
ture takes place in the form of evaporative losses (long radiation losses plus convective
heat loss due to wind).
Fig. 2.7. Working principle of open sun drying. Reproduced from
Sharma et. al. [32].
In the initial stages, the moisture removal rate is fast since the process happening
on the surface of the product is simply evaporation. Subsequently, the moisture
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migration to the surface is by diffusion from the interior and depends upon the type
of product and its moisture content [30] [32].
Open sun drying is still practiced in tropical countries. However, this technique
has its inherent disadvantages [35] [10]:
• Damage to the crop by rodents, birds, and animals;
• Degradation through exposure to direct irradiation of the sun and to rain, storm,
and dew;
• Contamination by dirt, dust, wind-blown debris, and environmental pollution;
• Splitting of the grain, bleaching, and loss of germination capability due to over-
drying;
• Insect infestation;
• Growth of microorganisms;
• Additional losses during storage due to insufficient or nonuniform drying.
Even with all these disadvantages, open sun drying is an economic drying proce-
dure that needs very little initial capital and has a low operation cost. The selection
of sunny days and continuous observation of drying progress by an experienced user,
can lead to a very good final product, especially for foods that need short time dry-
ing [36]. Murthy [37] affirms that more than 80% of food produced by small farmers
in developing countries, is dried through direct sun drying. One of the major chal-
lenges with sun drying is the degradation caused by poor sanitary conditions around
the grain being dried.
Solar Drying
Solar drying as an alternative to open sun drying technique offers a solution to
many problems of open-air drying. Sehery et. al. [10] lists the main reasons for
adopting solar drying:
25
• Solar drying provides the desired reduction of losses together with improved
quality of the dried products;
• The time of drying can be significantly reduced;
• The harvesting period can be shortened, which enables the soil to be prepared
for the cultivation of another crop or the utilization of the stalk remaining after
the grain is harvested;
• The drying season can be lengthened by successive harvests and by using solar
dryers in which various types of products can be preserved;
• Farmers may have a greater income by the production of more marketable crops;
• The additional costs involved in installing solar dryers can be recovered by the
increased profits.
Passive Mode (Natural Convection) Solar Dryer
These dryers use only solar or wind energy for their operation. Air is heated and
circulated naturally by buoyant force or as a result of wind pressure or a combination
of the two.
They can be constructed easily with inexpensive, locally available materials which
make them appropriate for small farms [32]. They are superior operationally and
competitive economically to natural open sun drying [34].
Ekechukwu and Norton [34] listed the advantages of passive (natural-circulation)
solar-energy tropical dryers that enable them to compete economically with tradi-
tional drying techniques. These include:
• they require a smaller area of land in order to dry similar quantities of crop
that would have been dried traditionally over large land areas in the open;
• they yield a relatively high quantity and quality of dry crops because fungi,
insects and rodents are unlikely to infest the crop during drying;
26
• the drying period is shortened compared with open air drying, thus attaining
higher rates of product throughput;
• protection is afforded the crop from sudden down pours of rain; and
• commercial viability, i.e. their relatively low capital and maintenance costs
because of the use of readily available indigenous labor and materials for con-
struction.
Three generic types of passive (natural-circulation) solar-energy dryers have evolved
and both retain many of the advantages of traditional open sun drying [30] [34]. These
are:
• Direct passive (integral-type natural-circulation) solar-energy dryers;
• Indirect passive (distributed-type natural-circulation) solar-energy dryers; and
• Mixed-mode passive (natural-circulation) solar-energy dryers.
In Direct Passive (integral-type natural-circulation) solar-energy dryers, the crop
is directly exposed to the sun’s rays. Direct passive dryers are best for drying small
batches of fruits and vegetables such as banana, pineapple, mango, potato, carrots
and French beans [38]. The material to be dried is placed in an enclosure with a
transparent cover and/or side panels made of glass or plastic. Heat is generated
by absorption of solar radiation on the product itself, as well as on the internal
surfaces of the drying chamber [39]. This heat extracts the moisture from the crop
and simultaneously lowers the relative humidity of the resident air, thereby increasing
its moisture carrying capability [34]. In addition, it expands the air in the chamber,
promoting its circulation and the subsequent removal of moisture that is carried away
by the warm air [34]. Prakash and Kumar [38] report discoloration of the crop and
moisture condensation inside glass covers (reducing the glass transmissivity) as some
of the drawbacks of using this method.
In Indirect Passive (distributed-type natural-circulation) solar-energy dryers, solar
radiation is not directly incident on the crop. The crop is located on trays or shelves
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inside an opaque drying chamber. Air is heated first, and then ducted to the drying
chamber to dry the product. By this process, the discoloration, caramelization, and
cracking on the product’s surface are minimized [38].
Indirect dryers are recommended generally for some perishables and fruits for
which vitamin content is reduced considerably by direct exposure to sunlight and for
color retention in some highly pigmented commodities that are also very adversely
affected by direct exposure to the sun [30] [34].
Indirect passive solar dryers have higher operating temperatures than direct dryers
or sun drying and can produce higher quality products. Thus, they are recommended
for relatively deep layer drying [30] [34]. The drawbacks of this design, however, are
the fluctuations in temperatures of the air leaving the solar air heaters, thereby mak-
ing it difficult to maintain constant operating conditions within the drying chamber.
In addition, there are operational difficulties of loading and unloading the trays and
occasional stirring of the product [30] [34]. Indirect dryers have a tendency towards
greater efficiency, since the component units can be designed for optimal efficiency of
their respective functions. However, they are relatively elaborate structures requir-
ing more capital investment in equipment and incur higher operating costs than the
direct type units [30] [34].
Mixed-mode passive (natural-circulation) solar dryers incorporate features of both
direct and indirect type solar dryers (Figure 2.6).
Active Mode (Forced Convection) Solar Dryer
Active solar drying systems contain external means for solar energy transfer
and/or electrical or fossil-fuel based heating systems and fans and/or pumps for air
circulation. Hence, all active solar dryers are forced-convection dryers.
Ekechukwu and Norton [34] provide a great number of references for other major
applications of active solar dryers in large-scale commercial drying operations in which
air heating solar-energy collectors supplement conventional fossil-fuel fueled dehydra-
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tors, thus reducing the overall conventional energy consumption, while maintaining
control of the drying conditions.
The solar-heated air is used directly for the drying process if it is at the desired
temperature. Otherwise, the fossil-fuel fired burner would be used to raise the drying
air temperature to the required level, during the nighttime or on low insolation days,
so that the effects of fluctuating energy output from the solar collector are avoided.
Since the fossil-fuel system can be controlled automatically to provide the required
optimum drying conditions. These active solar dryer types that incorporate dehydra-
tors for supplemental heating are commonly known as hybrid solar dryers [34].
A variety of active solar-energy dryers exist that could be classified into either
the Direct (Integral) type, Indirect (Distributed) type or Mixed-mode dryers. Their
drying principles are the same as the corresponding Passive types. The difference is
in the drying bed exposure to higher airflow rates.
Belessiotis and Delyannis [36] affirm the active solar drying technique has almost
only advantages, and its only disadvantage is the high initial capital cost for the dryer,
the collector field and all necessary auxiliary equipment such as ducts, pipes, blowers,
controls and measurement instruments. In addition, more or less skilled personnel
are needed to operate the drying process. The advantages are:
1. Drying rate is high. Agricultural products are dried within 15 to 30 h instead
of a few days;
2. No losses at all, as the product is not subject to any natural phenomena that
cause deterioration;
3. For the same quantity of material they need smaller surface areas due to the
ability of trays to be stacked, one upon the other, inside the dryers;
4. Increased productivity, as dryers can be loaded again within a few hours;
5. Flexibility of the dryer since it can accept similar seasonal crops, thus expanding
operation of the system to almost year round;
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6. The high initial capital and operating cost are counterbalanced, partly, by the
direct Sun’s drying.
Active mode may achieve high and controllable temperature, but additional costs
and complexity involved in design and construction represent the main disadvantages
[40].
Chapter 14 in the Handbook of Industrial Drying [10] describes the main compo-
nents of solar dryers:
1. Drying space, where the material to be dried is placed, and hence, where the
drying takes place;
2. Collector to convert solar radiation into heat;
3. Auxiliary energy source (optional);
4. Heat transfer equipment for transferring heat to the drying air or to the material;
5. Means for keeping the drying air flowing;
6. A heat storage unit (optional);
7. Measuring and control equipment (optional);
8. Ducts, pipes, and other accessories;
The targeted design system is a indirect active solar dryer that contains the ma-
jority of the parts described above, in a highly restricted footprint (mobile), which
renders the project a great technical challenge. In order to lower costs and align
the scope for the resources available, items 3, 6 and 7 are not currently part of this
project scope, but its a great opportunity for further development and optimization
and control of the system. In the next chapter, the system parts and operation will
be described.
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In order to accomplish objective 1 stated in chapter 1, this chapter addresses the
concept of the solar unit, the scope, its engineering design, and the assembling of
the unit to the point it was operational. The CAD design, a bill of materials, safety
calculations and the modeling approach for components sizing are presented.
3.2 Project Scope
Conceptually, a solar thermal system should allow for solar collection, heated fluid
distribution, heat storage and control of heat withdrawal and/or circulation of the
working fluid. The system components are connected to the solar energy source, and
hence, to its variable nature as well as pattern of utilization i.e. the time when it is
demanded by the load [30].
The design and analysis of solar utilization are approached in a system fashion.
Hence, each component’s optimal specification will depend on the characteristics of
the local solar energy resource, the ambient and load temperatures and temporal
pattern of heat energy utilization [8]. Therefore, it is not possible to make a general
case for or against solar energy utilization.
This project will use the high output Evacuated Tube Solar Collectors (ETC)
manufactured by Solar America Solutions, Indiana, USA, and marketed as the Sun-
Quest 250.
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The collection and conversion of solar radiation to thermal energy by the Sun-
Quest 250 has been field tested and proven in many successful projects, including
projects with the Ohio Department of Rehabilitation and Correction, Indiana Uni-
versity, Mikes Car Wash in Indianapolis, and many others. Many of these projects
have used the SunQuest 250 to successfully heat water and air. This proven track
record shows that the SunQuest 250 could be explored as a viable alternative to fossil
fuel usage for heat demand in agriculture.
It was agreed that this collector design would be investigated for grain drying
application in December of 2014 and a conceptual sketch was provided by Professor
Klein Ileleji to serve as the starting point for further development (Figure 3.1).
Fig. 3.1. First sketch of system conceptual design for evacuated tube
solar collector in grain drying.
3.2.1 Grain Drying Application
Low temperature drying of grain is the process where air temperature is raised up
to 5◦ C above ambient conditions. Though, some literature suggest it can be raised
up to 10◦ C. Unlike natural air drying, low temperature drying needs an energy
source, usually electricity, liquid propane or natural gas, to heat the ambient air to
the target temperature. Given the volatility of fuel prices and the environmental
impact of burning fossil fuels, solar energy provides a great opportunity for use in low
temperature drying. Moreover, since constant temperatures are not required, low-
temperature drying is compatible with the intermittent nature of solar radiation [41].
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The capacity of the air to evaporate the water from the grain bed is referred to
as drying potential. It is dependent on the air temperature and relative humidity.
Additionally, the grain type, initial moisture, and airflow (m3/min−tonne or cfm/bu)
delivered will determine the drying time and the amount of energy required for the
process. Two factors can reduce drying time for a given amount of grain mass:
1. Increase in the airflow rate, and/or;
2. Rise in the drying air temperature.
The fan airflow rate, however, must be sized to the bin volume, in order to over-
come the air resistance from the grain bed, and deliver the required airflow. For
this reason, it must be considered an input when designing a solar system for this
purpose because the temperature rise will vary accordingly. The higher the airflow
rate through a heat exchanger, the lower the temperature rise (Figure 3.2). Figure
3.2 represents the predicted performance using the collector’s performance equation
parameters provided by SRCC - Solar Rating Certification Corporation. These pa-
rameters are determined using the steady-state test conditions described in ASHRAE
93-2010 and described later in this chapter in the Collector Model section, using the
equations presented in chapter 2 in the collector testing data application. The overall
system performance can be predicted using the interaction of the collector’s perfor-
mance and the effectiveness-NTU heat exchanger model presented further in this
chapter. This calculation can be performed using the heat exchanger data provided
by the manufacturer along with the drying process airflow requirements.
In the design of a solar collection system, factors such as solar intensity, fluid flow,
heat transfer mechanisms to provide heat energy to the fluids involved in the system
application e.g. air used to dry grain, are necessary. Control and instrumentation
may also be used in order to enhance performance. The available solar energy must
be matched to the energy required by the load. The components of the system are
then selected to achieve the highest possible efficiency.
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Fig. 3.2. Air outlet temperature variation with regards to air and
fluid flow rates. Assumptions GT=800 W/m
2 and Ti, Ta = 10 C, and
UA = 545.76 W/C.
The constituent parts of a solar dryer work as a system through the flowing media.
Hence, a model of the system is best built on the flow model of these media [10]. The
number of flow models is the same as the number of working fluid media. In the
mobile unit these media are the heat-transfer fluid (water) and ambient air.
Solar dryers are thermohydraulic systems operating with different components in-
cluding: Thermal collectors, heat exchangers, pumps, pipes, valves and drying bin or
chamber. Hence, a systematic approach to design is needed. This involves simulation
of three subsystems for the dryer:
1. Model of the flow subsystem;
2. Model of the thermal subsystem;
3. Model of the drying volume.
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Fig. 3.3. Solar drying design steps.
For the mobile platform developed in this research, the model of the flow sub-
system was divided into liquid and air sides, and the thermal system divided into
collector and heat exchanger. A combined simulation model for the grain drying
process (equilibrium model incorporating thin-layer drying equations) predicted the
drying rate for the solar supplemented drying system.
As mentioned above, the system design and performance should address both
climatic and load conditions and demand, respectively. So, ultimately, the system
configuration is determined by the place where it is used as well as the drying strategy
and capacity being used (Figure 3.3).
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Fig. 3.4. Solar dryer system schematic. Adapted from Imre [10].
3.3 System Design
The design strategy besides assembling an operational unit involves applying en-
gineering and safety principles, and installing sensors to collect process data that will
provide a good understanding of the operating performance of the system for further
optimization. The main parts of the system are (Figure 3.4):
1. Evacuated tube heat pipe solar collector;





The drying bed itself is not part of the design, but its attributes dictate the
specification of the other components i.e. the collector area, and the heat exchanger
size.
The research may be divided into three major areas of effort:
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Fig. 3.5. Project steps flowchart.
1. Design and assemble of an operational prototype of the mobile heat delivery
platform;
2. Application of models that describe the system’s operation, and;
3. Experimental outdoors test data collection and empirical validation of a drying
model, and an energy performance assessment of a scaled up application .
The system was designed using a CAD system, Creo Parametric (PTC, Needham,
MA) for several reasons. First to have a model that could give a form to the system
so it could be analyzed. Second, it enabled incorporating new features that allow
the system to run safely and minimizes performance disruptors. Third, it allowed
the understanding incident solar radiation calculations regarding the location, date,
time, solar angles with respect to a tilted surface angle in order to obtain greater
solar incidence. During the design phase, research was conducted in designing all
the 3D parts of the system so they could be sized, manufactured and/or purchased
(Figure 3.6). ASHRAE Standards and collectors and hydraulic parts manufacturers’
design manuals were used in order to understand the collector subsystem compo-
nent requirements. Engineering drawing of the unit assembly was conducted using
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Fig. 3.6. 3D Assembling of the system using Creo Parametric 2.0.
Creo Parametric 2.0, a PTC solution for Computer Aided Design (CAD). There are
additional features that are necessary for operational and safety purposes. They are:
1. Air vent. Any pockets of air in the system is highly disruptive for the system
operation. It disrupts the heat transfer process as well as can cause cavitation
of the pump.
2. Expansion Tank. It must be used in closed-loop systems. They store extra
volume as heat transfer fluid expands with increased temperatures.
3. Pressure relief valves. They permit the hot fluid to escape and prevent damaging
the system during stagnation temperatures.
4. Drain/fill valves. They are necessary in order to start up (fill-up) and shut down
(drain) the system.
Stagnation describes the state of a solar thermal system when the flow in the loop
is interrupted, and the collector remains under the sun absorbing radiation. This
phenomenon may be caused by a power outage or no heat demand during solar time
e.g. family travel during the Summer. Stagnation temperatures in evacuated tube
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Fig. 3.7. 3D Assembling of the system using Creo Parametric 2.0.
heat pipe collector can exceed 200◦C, leading to vaporization of the heat transfer fluid
within the collector and excessive pressure build-up in the piping system [42].
The pressure relief valve (PRV) and the expansion tank need to be sized following
engineering principles as well. In order to specify the PRV, it is necessary to know
the system cold fill pressure. ASHRAE provides a guideline [43] that states that the
cold-fill pressure (Pcold) should be the differential height between the highest point
of the loop and the pressure gauge located at the pump plus 12 ft and converted to
psi based on the fluid density. Having calculated this value, the PRV was sized and
purchased from the manufacturer.










1 12in x 18in Fin and Tube Heat Exchanger 1
2 150in x 60in Wood Platform 1
3 3/4” 90 Degrees Elbow Fitting 7
4 3/4” Boiler Drain Valve 2
5 3/4” Copper Pipe Type M - 10 ft 3
6 3/4” Tee Fitting 6
7 Air Duct 1
8 Air Separator 1
9 Ball Valve 4
10 Blower Fan 1/25 HP 1
11 Controller 1
12 Solar Collector - SunQuest 250 and Aluminum Frames 1
13 Expansion Tank 4.5 Gallons 1
14 Blower Fan Support 1
15 Heat Dissipator - 7ft 1
16 Paddlewheel Flowmeter 0.8 to 8 GPM 1
17 Pressure Gauge 1
18 Pressure Relief Valve 35 Psia 1
19 Transition Duct 01 1
20 Transition Duct 02 1
21 Transition Duct 03 1
22 UPS 15-58FC Pump w/ Check Valve and Set of Flanges 1
- Rubber Pipe Insulation 3/4” - 6 ft 4
- 12”x15” Duct Wrap Insulation 4
- Aluminum Foil Tape 5
- Bolts, Nuts, and Washers 2 sets
- Laundry hoses 2
- 3/4” Copper x Female Adapter 4
- Transfer Pump 1
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• Pcold = Static cold-fill pressure, psi;
• H = Vertical distance from pressure relief valve to the top of collector, feet;
• ρ = Fluid density, lb/ft3;
• 144 = Units conversion factor (lb/ft2 to psi).
Siegenthaler [44] suggests to pick a relief valve rated 15 to 20 psi above this calculated
pressure.
PPRV rated = Pstatic + 20 (3.2)
These calculated parameters allow estimation of the pressure the system can with-
stand before the selected pressure relief valve opens, as well as the temperature when
that happens.




• Pmax = Pressure of collector array as relief valve reaches rated opening pressure,
psi.
The temperature at which the system can hold the heat transfer fluid in the liquid





• P = Fluid vapor pressure, psia;
• A, B and C = Constants, dimensionless;
• T = Temperature, celsius.
In the design of the piping circuit the absolute pressure must not be allowed to
drop below the boiling point (situation in which the pressure drops below the vapor
pressure of the liquid). Otherwise, vapor lock, boiling and pump cavitation will occur.
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Fig. 3.8. Absolute pressure and boiling point for water.
In order to prevent the relief valve from opening under high temperature build-
up, the expansion tank must absorb both the fluid displaced by vaporization and
expansion of the remaining fluid in the circuit. For the expansion tank, calculation
of the systems fluid volume needs to be estimated. This is the combination of all
components that hold fluid (pipes, collector, and heat exchanger). Based on recom-
mendations from the literature, using a gallon per foot of copper pipe 3/4” Type M,
the collector and heat exchanger volume were estimated. The systems fluid volume
along with the PRV pressure rating and static pressure, allow the calculation of the
expansion tank volume.
Va = 1.1[(Vc + Vp)β + Vc] (3.5)
Where:
• Va = Expansion volume to be accommodated, gallons;
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• Vc = Total volume of collector, gallons;
• Vp = Total volume of piping and other components other than the collector,
gallons;
• β = Expansion factor for the heat transfer fluid being used for 200◦F (93.3◦C)
temperature rise, dimensionless;
• 1.1 = 10 percent added safety factor.
Finally, the volume of the required expansion tank may be calculated according
to:
Vt = Va(
(PPRV rated − 3) + Patm
(PPRV rated − 3)− Pstatic (3.6)
Where:
• Vt = Minimum required expansion tank volume, gallons;
• 3 psi = Safety factor against relief valve ”dribbling/weeping” as it approaches
its rated pressure.
The current 4.5 gallons expansion tank is oversized, but this does not represent a
major problem since under sizing it could actually represent potential risk. There is
a necessity to adapt the expansion tanks air chamber pressure to the systems initial
pressurization before fluid is added to the collector. This will ensure the tank will
work properly to accommodate fluid expansion [43] [44] [45].
Due to the system reduced size to allow for its mobility, a cold-fill pressure of 10
psi was calculated.
This experiment could verify in the field the consequences of low initial pressur-
ization. The system remained stagnant for a short period of time during the drying
beds set-up. That was enough for temperature rise up to 160◦C and fluid vaporiza-
tion (vapor pressure greater than system pressure). The PRV opened leading to fluid
loss. Apart from the inconvenience of the system re-pressurization and the hazard of
extremely hot fluid discharge, the system operated normally afterwards due to this
safety device that prevented greater damages to the system.
43
3.3.1 System Flow Models
Working Fluid Side
In order to provide motion to the heat transfer fluid, a pump needs to be sized.
ASHRAE [19] reports preferable fluid flow ranges for proper collector functioning in
the range of 0.010 to 0.027 L/s.m2. The collector has a gross area of 41.06 ft2 (3.81
m2) which yields a 0.0381 L/s.m2 minimum flow rate .
The head losses will depend on whether the system is an open or closed fluid
circuit, the type of fluid, pipe lengths and diameter, heat exchangers and other re-
sistances [43]. Because the system is a closed loop, the head losses are divided into:
pipes, fittings and valves, collector and heat exchanger.
A good approach for determining the pump requirements is through energy equa-
















is the pressure head; it represents the height of a fluid column that produces
the static pressure P.
• V 2
2g
is the velocity head; it represents the elevation needed for a fluid to reach
the velocity V during frictionless free fall.
• α is the kinetic energy correction factor.
• z is the elevation head; it represents the potential energy of the fluid.
• hpump,u is the useful head delivered to the fluid by the pump.
• hturbine,e is the extracted head removed from the fluid by the turbine.
• hL,total is the irreversible head loss between 1 and 2 due to all components of
the piping system other than the pump or turbine.
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The system being a closed-loop system Equation 3.7 becomes:
hpump,u = hL,total (3.8)
Considering,
















• hL,major is the head loss in the pipes.
• hL,minor is the head loss caused by valves and fittings.
• f = friction factor, dimensionless.
• L = length of pipe, m or ft.
• D = internal diameter of pipe, m or ft.
• V = average velocity, m/s or fps.
• g = acceleration due to gravity, m/s2 or ft/s2.
• KL = geometry- and size-dependent loss coefficient, dimensionless.
The heat exchanger manufacturer Brent Industries from Middleport, NY was con-
tacted, and they provided a data sheet of its water to air heat exchanger models.
Their data involved information on the fluids (air and water) pressure drop through
the exchanger. The pump catalog was located using web search and it included the
pump’s performance curve. The collector pressure drop curve was not available and
was estimated. The pipe, fittings and valves friction factors were located in the lit-
erature and online. Using Microsoft Excel (Microsoft, Seatle, WA) a Visual Basic
for Application (VBA) program was developed describing all the parameters listed
in equation 3.9. Having the 3D design, it was possible to estimate the pipe length,
and type and number of fittings and valves. The program was run and the operating
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point was calculated as the intersection of the head loss variation as a function of
the flow rate (system curve) with the pump performance curve (min speed). The
preliminary results indicated the pump should deliver a higher than recommended
flow rate for improved heat transfer, considering the systems estimated head (Figure
3.9). Adjustment of valves could be used to reduce the flow rate.
Fig. 3.9. System Curve vs Pump Characteristic Curve.
Flow adjustment could also be achieved using advanced controlling solutions like
automatic flow control valves with actuators and positioners, or more common and
cheap solutions like manually adjustable globe valves and venturis. After further
investigation it was found that it is possible to regulate the flow using shut-off valves
(ball valves), which prevented incurring extra cost to the project. Ideally, a variable
speed pump with the correct controller could give the desired flow rate with greater
energy efficiency.
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Unfortunately, for reasons that will be discussed later the flowmeter gave unsteady
flow readings. However, the observed head losses were higher than the initial estimates
since a lower flow rate was observed.
Air Side
The air flow requirements are user defined. Hence, this means the total airflow
should match a target airflow considering the amount of the grain being dried e.g. if
the target airflow for the drying process is 1 cfm/bu and there are 1000 bushels to be
dried the average total airflow requirement will be 1000 cfm. This is accomplished by
grain drying principles that will be discussed further.
Based on the actual design, there should be two sources of pressure drop across
the system before the air reaches the bin chamber. They are: The heat exchanger
and the air ducts.
Heat exchanger manufacturers provide data sheets for their products on which
there is an air side pressure drop for a given experimental condition (airflow). Ac-
cording to ASHRAE [46], in a given system airflow changes will vary the pressure




• ∆P = pressure loss, Pa or in.of.water;
• Q = airflow rate, m3/s or cfm.
By using this equation with the manufacturer’s performance data it is possible to
estimate the system total pressure loss curve (Figure 3.10).
In this design, the duct pressure drop was assumed negligible due to its reduced
size. Moreover, it is possible to actually not even use duct work outside those already
being used in existing drying systems as demonstrated by Callahan [47] in his report
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Fig. 3.10. System configuration air pressure loss curve.
for the Vermont Agency of Agriculture, Food & Markets Vermont Sustainable Jobs
Fund. Where he placed an old Ford truck radiator straight to an axial fan inlet used
to dry grain in a 12 ft diameter x 15 feet high bin used to dry sunflower seeds at a
depth of 7.5 feet.
However, Callahan tested a stationary array of collectors and his thermodynamic
performance was not reported, having only a very optimistic temperature rise as-
sumption for purpose of economic calculations.
As it was possible to notice on figure 3.10 the air pressure drop starts to be-
come important at very high airflow rates. This may impact substantially the fan
requirements since fans used for drying aeration may reach high airflow delivery.
The layout suggested by Callahan [47] may noticeably reduce the pressure drop
since the drying air does not actually have to overcome the heat exchanger. However,
additional study should be conducted in full scale bins. ASHRAE [48] reports the
importance of uniform air entrance over the fan inlet. Moreover, it states non-uniform
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Fig. 3.11. Heat-exchanger placed upstream from the fan. Reproduced
from Callahan, C. [47].
flow into the inlet is the most common cause of reduced fan performance, and this
cannot be treated as a simple increase in the system resistance; Poor inlet conditions
can have a large effect on fan performance.
3.3.2 System Thermal Model
Solar Collector
As shown in figures 3.4 and 3.12, the collector and heat exchanger are inter-
dependent. The thermal performance can be predicted by combining the collector
performance equations presented in Chapter 2 with the flow rates and other impor-
tant variables such as weather data, and other thermal components. The interaction
between the load and the collector determines the performance of the system (Figure
3.12).
For flat-plate collectors, correct heat exchanger sizing is extremely important,
since the collector’s efficiency is reduced at higher inlets temperature. Evacuated
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Fig. 3.12. Thermal model according to the operating mode. MC and
MH represent models for the collector and heat exchanger, respec-
tively. Reproduced from Handbook of Industrial Drying - Chapter 14
- Solar Drying [10].
tube heat pipe collectors can hold their efficiencies at higher operating temperatures,
which gives this type of design an important advantage.
For all-day collector performance prediction ASHRAE 93 suggests a new term
in equation 2.1, an incident angle modifier, Kτα, to account for the sun’s apparent
position throughout the day. Equation 2.1 then becomes:
Qu = AcFR[KταGT (τα)− UL(Ti − Ta)] (3.11)
As the first sun rays strike the collector after sunrise, the loop collector-heat
exchanger interaction begins. Given a specific time step (hourly) the temperatures
leaving the collector may be assumed as the same entering the heat exchanger and
the temperature of the working fluid leaving the heat-exchanger is the same as the
temperature entering the collector (Figures 3.4 and 3.12).
50
Heat-Exchanger
As mentioned before, the size of the heat exchanger is important to the collector
performance, and consequently to the temperature rise delivered to the load.
A water-to-air (cross-flow both fluids unmixed configuration) heat exchanger is
needed to transfer heat from the working fluid to the drying air. ASHRAE [49] [50]
refers to this kind of heat exchanger as air-heating coils, and more specifically hot-
water heating coil.
Heat transfer between the heating medium and the air stream across a coil is
influenced by the following variables [51]:
• Temperature difference between fluids;
• Design and surface arrangement of the coil;
• Velocity and character of the air stream;
• Velocity and character of the in-tube fluid.
Whereas a coil designer might use a detailed tube-by-tube analysis of conduction
and convection heat transfer and condensation on fin surfaces to develop an optimal
combination of fin and tube geometry, for an energy analyst the interest is more in
determining fluctuations in the temperature of the fluids leaving the exchanger during
the year [50]. The second approach was adopted in this research.
A typical approach to modeling heat and mass transfer components for energy
calculations is based on an effectiveness-NTU heat exchanger model [50] [52] [53] [54].
For an energy analysis, the UA-Overall heat transfer coefficient is the only parame-
ter that must be determined to describe the operation of a specific heat exchanger [50].
This important parameter may be determined by three different approaches: direct
calculation, manufacturers’ data or direct measurements of the installed performance
[50]. The first relies on detailed information about the materials, geometry, and
construction of the heat exchanger. The second uses manufacturers’ performance data
where the heat transfer rate is given under various operating conditions [50] [52] [54].
51
The manufacturer performance data consists of:
• Inlet water temperature;
• Water mass/volumetric flow rate;
• Inlet air temperature;
• Air mass/volumetric flow rate;
• Design heat transfer rate.
The first step is determining the heat exchanger UA from the provided data, and
then use the calculated UA to predict performance at other operating conditions.
Hence, the key assumption is that the UA is constant [50].
Examining the data for both flows streams, their fluid capacity is calculated by:
Ch = (m˙Cp)h (3.12)
Cc = (m˙Cp)c (3.13)
Then dividing the minimum by the maximum of these two heat capacities in order





The possible maximum heat transfer rate is the product of Cmin and the temper-
ature difference between the inlet flow streams:
Q˙max = Cmin(Thi − Tci) (3.15)
So the heat exchanger effectiveness can be calculated by dividing the heat transfer






Thi − Tci (3.16)
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There are effectiveness-NTU relationships reported in the literature. Its formula
varies not only with regards to the type of heat-exchanger, but also with the source
where the formula is obtained, since they are empirical correlation formulas.
Penoncello [54] reported the following effectiveness-NTU relation for a crossflow
(both streams unmixed) heat-exchanger:
ε = 1− exp[( 1
Cr
)(NTU)0.23(exp[−Cr(NTU0.73)]− 1] (3.17)
Solving for NTU, UA can be calculated from:
UA = Cmin(NTU) (3.18)
With UA assumed constant, NTU and Cr are recalculated for different operat-
ing conditions and a heat-exchanger effectiveness that matches the process target
temperature rise may be chosen.
The UA parameter will be revisited later in chapter 5 when describing the simula-
tion performed for objective 3 stated in chapter 1 as well as the importance of sizing
the heat exchanger correctly due its interference in the collector efficiency and heat
transfer to the load and/or heat storage.
3.3.3 Procurement and Assembly
The CAD design enabled a customization of a ”List of Materials”. In this phase
manufacturer’s catalogs were analyzed in order to choose the main parts and purchases
were performed from local retailers in Lafayette, Indiana area. With the exception
of the flowmeter, all other parts were found locally. Solar America Solutions of
Indianapolis, provided the following parts:
1. Solar collector - Evacuated Tube Heat Pipe;
2. Expansion Tank;
3. Pressure Relief Valve (PRV).
53
The assembly phase was the phase with the longest duration and resulted in a
month delay in the project. Several reasons why the project was delayed are:
1. There was several weeks delay while waiting for plumbing services that were,
ultimately, not utilized;
2. There was an underestimation of the work load for this phase, this showed to
be right for two main reasons:
Non-skilled resources and lacking hands-on capabilities; learning on the job.
Amount of work to be performed was higher than expected;
Several soldered connections presented leakages and needed to be redone.
Thread connections not tight enough presented leakages as well.
Installing insulation before commissioning the unit led to re-work and
material waste due to the presence of leakages.
3. Plumbing resource availability was very low due commitment to the entire de-
partment, and working out of his specialty.
Fig. 3.13. Partially assembled solar collector showing heat exchanger
(bottom left) and solar collectors (middle right).
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3.3.4 Commissioning
The commission phase started with a hydrostatic test of the loop to detect leak-
ages. A transfer pump was used to fill up the system.
After fixing the leakages, the controller was commissioned. Unfortunately, it seems
to be very oriented to water heating systems. The function of variable speed is only
reached when a differential temperature is reached turning the pump on at either
max or min speed and progressively decreasing or increasing it as the temperature
difference diminishes until eventually turning the pump off. This does not fit the
condition of keeping a constant temperature differential between ambient air and
heated air, for instance. The system operated with the pump running at fixed speed.
Targeting a temperature differential of at least 2 degrees between the collector
fluid outlet temperature and ambient air assures the drying air are at greater or at
least similar conditions than the ambient air. It is expected that in cold mornings the
system should start running a little before the start of the drying operation. This is
necessary for heating the hardware and the working fluid. However, a control panel
that allows control over the fan is necessary so that there won’t be air blowing to the
drying bed with unfavorable conditions. The ambient conditions should also be taken
into account in the control schematics with minimum temperature and irradiation set
points to reinforce conditions over the drying air.
A great advantage of this system is the possibility to have it integrated with an
already existing control schematic that is used already with other sources of energy
such as liquid propane or natural gas. When the burner is turned on the air conditions
reach pre-defined set points. Given a suitable amount of grain, pre-heating the air
with solar system, shall improve the overall energy efficiency of the existing drying
operation. Farkas [55] reported an annual savings of 30% in fuel consumption for an
1.80 m2 collector during drying of 1.2 tonnes of corn at 50◦C and airflow of 63.6 m3/h
(37.4 CFM) for a solar-assisted crop-drying system. Moreover, its modular concept
allows integration with HVAC systems (Heat Pumps, Air Handlers Units) for space
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heating as wells as water heating tanks. This possibility of year-long operation helps to
reduce the payback time of this system. However, energy savings and cost assessment
should be conducted for each individual application.
Furthermore, this research offers the possibility of future investigation of control
schematics that maximizes the thermal efficiency of the whole solar drying system by
optimizing flow rates to tackle the load requirement in a specific period of the day
or integration with other applications. Some objectives of this control optimization
were listed by Farkas [55]:
1. Keep the drying quality requirements - Given the transient and intermittent
characteristic of the weather conditions;
2. The optimum use of total available energy - The possibility of simultaneous use
in two different applications;
3. Additional safety condition (avoid temperature over-rise) - Installation of au-
tomatic by-pass valves that can keep the system running in order to avoid
stagnation condition;
4. Support the temperature measurement of fluids and drying material.
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4. PERFORMANCE OF THE MOBILE SOLAR HEAT
COLLECTOR AND DELIVERY SYSTEM: GRAIN
DRYING MODEL AND FIELD TESTS
4.1 Introduction
This chapter describes the drying model as well as materials and methodology
used in the field tests.
The thermodynamic performance measurement proposed here addresses Objective
2 stated in chapter 1, and provides the data for input in the drying model, and sub-
sequently comparison of the results with the verified experimental moisture removal
rate (empirical validation).
The validation of the presented drying model enabled the accomplishment of using
a simulation program (TRNSYS) to generate outlet air conditions to be later coupled
with this drying model for an energy and cost assessment for low-temperature grain
drying for different drying capacities (Objectives 3 and 4).
4.1.1 System Drying Model
Of all drying methods, low temperature drying is potentially the most efficient
and most adaptable to use of alternate energy sources such as solar [56].
A lot of past research has been aimed to produce low-temperature drying mod-
els [2] [12] [56] [57]. However, for application in solar drying it adds up a lot in the
complexity to them due the fluctuations in temperature and humidity of the drying
air. Moreover, depth of grain, airflow characteristics, grain storage life and manage-
ment strategy are just some of the additional factors that need to be considered [57].
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In his solar drying review Belessiotis et. al. [36] described deep-bed drying as
a process where the drying air moves upward, increases in moisture content and
cools due to evaporation. This forms a gradient of temperature and moisture content
between lower and upper zones. The final moisture, thereby, being the mean moisture
of the zones. He reinforced the importance of the drying factors mentioned above by
listing critical drying factors as follows:
1. Airflow rate - the most important factor;
2. Drying air temperature;
3. Drying bed depth.
Pierce and Thompson [58] add to these parameters the management strategy used to
operate the fan and the heater.
The outdoors’ tests data made it possible to verify the system’s efficiency in raising
the heat transfer fluid and drying air temperature for a given location and time of the
year. Knowing the ambient temperature and RH as well as the drying temperature,
it was possible to determine other psychrometric properties of the drying air. A MS
Excel add-in provided by KW Engineering (Oakland, California) [59] was used for
psychrometric functions.
These properties served as the input for the drying model. The model utilized in
this thesis is more closely defined as equilibrium, near-equilibrium model. It utilizes
an algorithm described by Delpasquale et. al. [13] applying equilibrium moisture
content equation from Henderson [60], Page’s thin layer modified equation [2], and
a Michingan State University’s drying model modified absolute humidity calculation
proposed by Dalpasquale et. al. [61]. The detailed calculation is presented further in
this chapter.
This variation regarding the model taxonomy relates the evolution of the original
equilibrium models proposed by Bloome and Shove (1971) and Thompson (1972).
At its core the premises of Thompson’s original model:
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1. True equilibrium is obtained between the air and the grain for the drying time
interval;
2. Heat transfer between the air and the grain is adiabatic (air maintains a constant
enthalpy throughout the time step used in the drying model);
3. No hysteresis exists between the sorption and desorption isotherms relating
equilibrium moisture content to relative humidity of the air.
These assumptions maybe be true for low temperature, low airflow grain drying
[57].
However, based on results of model testing and validation, Morey et al. [14] mod-
ified the Thompson’s model:
1. At the bottom of the bins the moisture content in the experiment would not
reach equilibrium with the air as fast as the moisture content predicted by
the model. In order to address this issue and reflect the moisture movement
within the grain kernel, the thin layer drying rate equation of Sabbah (1968)
was inserted in the model.
2. The possibility of a hysteresis effect between the sorption and desorption of
moisture by the grain kernel was indicated by the tests results. This means
that rewetting of the bottom layers of the bin were overestimated. An equation
for the equilibrium relative humidity under conditions of sorption (rewetting)
was added to the model.
This model as described by Morey et al. [14] the grain bed is divided up into a
number of layers and heat and mass balances are considered over each layer. Moreover,
in this version of the model it is assumed that the air and the grain are at the same
temperature and that the air maintains a constant enthalpy throughout the drying
process [12].
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Morey’s alterations made the model the most satisfactory in describing the low-
temperature drying process, having good predictions of the drying parameters [12]
[56].
Mathematical drying simulation has been performed since the 70’s, however with
no reference to the enthalpy of the air. Dalpasquale et al. [13] proposed a drying model
using constant enthalpy condition of the air throughout the drying process. However,
in this case, because of this fact (constant enthalpy) the energy changes in the grain
are ignored (the product temperature is not accounted for). The enthalpy of the
drying air is maintained constant as a quantitative physical indicator for correction
of the heat and mass exchange in each step of the process, in order to obtain the
results for final moisture of the grain. A detailed step-by-step procedure with the
equations involved is presented below.
Fig. 4.1. Drying of agricultural products, with constant enthalpy, in
a psychrometric chart. Reproduced from Dalpasquale et al. [61].
Their method is described below:
1. Identify the air absolute humidity from its original condition of temperature
and relative humidity;
2. Get the drying air temperature;
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3. Using the drying temperature and its absolute humidity, calculate the drying air
enthalpy. In their model, they assume a constant inlet drying temperature and
original air conditions throughout the entire process. This step was modified so
the model could read air condition data in an hourly time step.
4. Calculate the RH for the first layer;
5. Calculate the moisture removed from the grain with the drying air conditions
using Page’s equation (Equation 4.2);
6. Add the moisture removed from the grain to the air absolute humidity using
a ratio between the bulk density and air mass flow rate being used times the
drying constant k for corn (Equation 4.6);
7. Calculate the layer’s air outlet temperature by rearranging the enthalpy’s equa-
tion (Equation 4.9). This temperature will be the inlet temperature for the
next drying layer;
8. Having the new temperature and air absolute humidity, verify if the RH is lower
than 100%. If lower, the simulation moves on to the next layer within the same
time step. Otherwise, the process restarts for the next time step from the first
layer;
9. Repeat steps above until the final drying criteria has been reached, either the
specified drying time or a targeted final moisture content.






−K(T + C) ]
1/N (4.1)
The drying constants for Henderson equation are from ASAE D245 - Moisture
Relationships of Plant-based Agricultural Products [60] for shelled corn.
The thin-layer in the form of Page’s equation with coefficients is presented below
as [2] is:
Mij −Meq




k = −0.0347 + 0.00287(9T/5 + 32) (4.3)
n = 0.54 + 0.00324RH (4.4)
i = 1, 2, 3, ..., NF and j = 1, 2, 3, ...,MF . ∆t is the simulation time step. td is the












Solved by the finite method, and considering ∆x as the layer thickness and NF the











The enthalpy of the drying air is estimated by the following equation presented by
Zomorodian [62] and Dalpasquale [13].
H = 1006.76T +W (2502086.97 + 1862.79T ) (4.9)
However, Morey et al. [14] and Dalpasquale et al. [13] have demonstrated the
necessity of the use of a correction factor based on the experimental results in order
to have a better match between the simulated and measured moisture removed. In
his model, Morey used airflow rates 20-30% lower than the average experimental flow
rate whereas Dalpasquale used a multiplier to the thin-layer equation. Their results
indicated good agreement between computed and measured moisture content.
Figure 4.2 summarizes the integration of the solar system and drying models in
order to accomplish the experimental objectives described in the next section.
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Fig. 4.2. Models integration flowchart.
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In Figure 4.2 the asterisks (*) meaning are as follows:
* The air conditions used hourly time step.
** The drying air conditions is dependent on weather condition as well as the
solar heat collection.
*** If the fan runs continuously the calculations are performed continuously until
the targeted moisture is reached using the initial moisture content given. In the case
the fan runs for a specific time of the day, during the time step for the next day, the
initial moisture content used is the last moisture content for the specific layer for the
previous day.
4.2 Experimental Design and Set Up
The performance of the solar thermal air delivery system for low-temperature
in-bin drying was determined by obtaining:
1. Ambient temperature and RH;
2. Air temperature rise through the system - drying air temperature and RH;
3. Drying air absolute humidity and enthalpy;
4. Moisture removal rate.
Tests were run in West Lafayette, IN in March, April and May of 2016. The
results for the drying performance correspond to 3 batches conducted in the periods
shown in table 4.1.
A second mini-bin served as experimental control operating only with natural air.
The air flow and drying bed conditions are targeted to be the same.
Low temperature drying is a slow process dependent on the weather. Sharp [57]
states that research into the design and management of low temperature drying by
conducting full scale tests is costly and difficult, and mathematical modeling of grain
drying process has proved valuable for understanding the physics of drying, and mod-
els have been further developed for operational research studies.
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Table 4.1
Batches Dates and Duration
Batch Dates Time Duration
May 13 10:50 am - 7:20 pm
1 May 18 10:20 am - 8:20 pm 22 hr
May 19 7:45 am - 11:45 am
May 19 01:50 pm - 07:50 pm
2 May 20 9:00 am - 05:00 pm 22 hr
May 21 11:50 am - 07:50 pm
May 22 9:30 am - 07:30 pm
3 May 23 08:50 am - 07:50 pm 33 hr
May 24 7:50 am - 07:50 pm
With that being said, objective 2 was accomplished by inputting measured data
to the described drying model, and the model accuracy was verified against the ex-
perimental removal rate (empirical validation).
The performance of the dryer was investigated by means of a small-scale test of a
batch drying of corn using a mini bin with dimensions shown in Table 4.4.
The collector’s performance results, and the drying tests results with the model
validation are available in Chapter 5.
The drying model validation enables the use of TRNSYS for simulation of the
solar unit’s air output condition using weather database and process parameters.
TRNSYS is a transient systems simulation program with a modular structure.
It recognizes a system description language in which the user specifies the compo-
nents that constitute the system and the manner in which they are connected. The
TRNSYS library includes many of the components commonly found in thermal and
electrical energy systems, as well as component routines to handle input of weather
data or other time-dependent forcing functions and output of simulation results [63].
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TRNSYS reads TMY weather data files. This weather database along with the
other operating parameters intrinsic to the system’s design i.e. collector performance
parameters provided by SRCC, heat transfer fluid flow rate, heat exchanger UA and
airflow rate, the system (collector and heat exchanger) allow the system to be simu-
lated for varied operating conditions and equipment specification.
Due to the unpredictable nature of parameters involved in solar systems and the
amount of details of the experimental setup suggested by ASHRAE 93, as well as the
fact the collector used has already been certificated, calculating the collectors perfor-
mance curve or efficiency curve was not necessary. The efficiency curve provided by
SRCC is assumed to correctly describe the collector performance for design purposes.
Once the drying model was validated it was possible to predict the system perfor-
mance under different operational conditions. These operational conditions are user
defined, and regard the production capacity, geographical location, harvest dates, and
management decision on fan operation.
The check list below describes the parameters necessary to the drying simulation



















Fan delivered total airflow (CFM);
Fan power (HP);
Fan efficiency;
• Burner capacity (KW per C temp rise)
Burner efficiency;
Under the light of these operating conditions it was possible to verify:
1. The effect of airflow rate on temperature rise and drying rate;
2. Drying duration time;
3. Drying energy efficiency (BTU/lb of water removed or kJ/kg of water removed).
These parameters are demonstrated for a case study presented in chapter 5.
Table 4.2 details the measured variables during the drying batches.
The suitability of the model is evaluated using the mean bias error (MBE) and













Experimental Design - Variable parameters per batch
Factor Unit Batches
1 2 3
Total Airflow Rate Discharge CFM 55.6 59.4 66.4
Bulk Density Kg/m3 733.12 741.48 709.93
Initial Moisture Content % (w.b.) 19 20.8 25
Final Moisture Content % (w.b.) 15.6 16 9
Airflow on Bin Floor m3/s.m2 0.1023 0.1093 0.1221
Airflow rate in Corn Bulk m3/min.tonne 32.07 34.82 40.63
Table 4.3
Experimental Design - Fixed or externally obtained parameters
Factor Unit Value
Collector Gross Area m2 3.81




Heat Exchanger UA W/C Measured from installed performance
Working Fluid Flow Rate Kg/s Measured from installed performance
Bin Diameter m 0.5715
Grain Depth m 0.254
Solar Radiation W/m2 Every 5 min - Energy Lab Pyranometer
Ambient Temperature C Every 30min - ACRE Weather Station
RH % Every 30 min- ACRE Weather Station
Drying Air Temperature C Every 5 min
Moisture Removal % 2 Hours Interval Moisture Sampling
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Fig. 4.3. Operating mobile solar dryer.
Fig. 4.4. Control unit.
4.3 Materials and Methods
4.3.1 List of Materials
The system major components that influence the system performance directly are:
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• Solar collector (Working fluid temperature rise);
• Pump (Working fluid flow rate);
• Fan (Airflow rate);
• Heat exchanger (UA Overall heat transfer coefficient);
• Drying bed (crop type, bulk density, bin diameter and grain depth).
Table 4.4 shows auxiliary materials needed in order to enable the measurements
necessary for the system’s performance evaluation.
4.3.2 Methodology
Temperature, Relative Humidity, Flow Rates and Solar Radiation
For batches 1 and 2, temperature data were collected in 4 different point using
thermocouples Type T connected to a Hydra Logger 2625A (Fluke Corporation, Ev-
erett, WA). Figure 4.5 displays the sensors placement.
For batch 3, two new sensors were installed at the bin air chamber and the in the
grain mass of both, the solar system and the control bin. The sensor in the bin air
chamber showed that there was a sensible heat loss in the transition duct (duct that
connects the solar system to the mini-bin chamber), which was not insulated, when
air temperatures measured in the insulated duct (upstream transition duct) reached
values above 50◦C. The duct was then insulated until the point it connects to the
mini-bin.
A vane anemometer was used to measure the drying air velocity. The measured
values for each batch are in Table 4.2.
The heat transfer fluid water was chosen due to its high specific heat, high density
and low viscosity (Figure 4.6). These characteristics permit lower volumetric flowrates
required to transfer thermal energy from heat exchanger to air, reducing pipes and





Mini bin (22.5 in x 34.25 in) - Adapted steel drum Unit 4
Shelled Corn Kg 250
Hand Probe Unit 1
Moisture Meter Unit 1
Thermocouples Type T Reel 1
Paddlewheel Flowmeter Unit 1
HOBO UX-100 Unit 1
Fluke Datalogger Unit 1
Plastic Drum 55 Gallons Unit 2
Distilled Water Gallons 20
Drum Roller Unit 1
Vane Anemometer Unit 1
Lift Platform Unit 1
Hand Forklift Unit 1
Cargo Pallet Unit 1
Gravity Convection Oven Unit 1
Moisture Dishes Unit 60
Desiccator Unit 1
Balance Unit 1
Ziploc Bags Box 8
Eye Goggles Unit 2
Dust Mask Unit 2
Gloves Pair 2
Variable-Frequency Drive (VFD) Unit 1
Test Weight Apparatus Unit 1
freezing. Because the period the tests were performed this chance was eliminated.
When necessary an antifreeze fluid should be used. The flow was measured using a
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Fig. 4.5. System P&ID with sensors placement and system’s equipment.
paddle wheel flowmeter Model FCXX75M2, Blue-White. Industries, Ltd., Huntington
Beach, CA.
The solar irradiation values during the tests in the absence of a pyranometer on
the test site were gathered from the data available from Applied Energy Laboratory
at Purdue University.
Grain Handling, Sample Collection, Moisture Content and Bulk Density
Determination
Corn samples were collected in Purdue’s Agronomy Center for Research and Ed-
ucation (ACRE). The corn was at 14% moisture content (wet basis). This value




Tag Description Fluid Type
SC-H2O Solar Collector Water
AV-H2O Air Vent Water
PRV-H2O Pressure Relief Valve Water
BV-H2O Ball Valve Water
F-AIR Fan Air
HX-H2O-AIR Heat Exchanger Water-to-Air Water/Air
D-AIR Duct Air
FT-H2O Finned Tube Water
PG-H2O Pressure Gauge Water
ET-H2O Expansion Tank Water
P-H2O Pump (Check Valve included) Water
DV-H2O Boiler Drain Valve Water
FM-H2O Flow meter Water
PL-H2O Pipeline Copper 3/4” Type M Water
TC-W Thermocouple Type T Water
TC-A Thermocouple Type T Air
A-A Anemometer Air
(rewet) the grain using a drum, a drum roller and distilled water. Before start the
conditioning procedure, the grain was cleaned in order to remove fines (Figure 4.7).
The amount of water to be added to the grain mass was calculated as follows:





2. Sample the grain and obtain the average moisture content (at least 3 samples);
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Fig. 4.6. Heat capacity of heat transfer fluids versus temperature. Re-
produced from ASHRAE Active Solar Heating Systems Design Man-
ual [43].
Fig. 4.7. Grain cleaning for fines removal.




) = 1086.3− 2971(MC) + 4810(MC)2 (4.13)
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Fig. 4.8. Grain conditioning in order to reach target moisture content
for drying tests.
4. Calculate the weight of the grain;
Wgrain(Kg) = V olume×D (4.14)
5. Calculate the amount water to be added;
Wwater(Kg) = (TargetMC − ActualMC)×Wgrain (4.15)
6. Check the calculation.
TargetMC =
(Wgrain × ActualMC) +Wwater
(Wgrain +Wwater)
(4.16)
After the water is added, the drum is placed on the drum roller and is left rotating
for 12 hours. After mixing in the drum, the grain is stored for 24 hours before being
used in the test.
Corn was collected with a 5 ft grain sampling probe (trier) in order to measure
the moisture content at different depths. Grain was sampled at 2 hours intervals
throughout the duration of the tests at various location around the mini-bin. The
moisture content was measured by the oven method according ASAE S352.2 [65].
Three replicates were used from each sample collected. The 3 measurements were
75
Fig. 4.9. Grain depth measurement.
Fig. 4.10. Test weight apparatus for bulk density measurement.
averaged, and then the final average was calculated to represent the total drying
mass.
The bulk density was calculated using the correlation in Equation 4.13 and also
measured using a test weight apparatus. Bulk density values are available in Table
4.2.
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5. SYSTEM PERFORMANCE RESULTS AND
SCALED-UP ENERGY-COST ASSESSMENT USING
TRNSYS
5.1 Introduction
This chapter provides a description of results from objective 2: Verify the system
performance in rising ambient air temperature for low-temperature in-bin drying.
Moreover, it provides validation for objective 3: Drying model adherence to exper-
imental results for application with TRNSYS simulated air conditions. And finally,
estimates results for objective 4: Assess the system’s energy and cost performance
for scaled up natural air/low temperature in bin systems, and the impact of bin
configuration on the performance.
5.2 Data Collection
The unit became operational in December 2015 after major problems with fluid
leakage. Preliminary tests were run on December 24th and January 2nd in order to
obtain the system’s performance by checking solar collection and the air temperature
rise under very cold weather. No drying tests were performed on these dates.
After fixing minor leak that were discovered during the preliminary tests, a drying
batch was conducted. The beginning of the Spring provided sunny days alternating
with periods of intense rain. During the rainy days the drying was stopped and
the bin’s air vents were sealed. As a result the tests were conducted sporadically
(March 23, March 26 and March 29). The first objective was to verify the accuracy
of the drying model proposed in Chapter 4, and provided the initial experience with
the experimental procedures. These results, though really good, are not presented
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because data acquisition for the corn moisture content could only be performed on a
daily time step.
After these initial runs, several drying tests were completed. The results are
summarized in next sections.
5.3 Results and Discussion
5.3.1 Effect of Working Fluid Flow Rate on System Performance
The results presented in this section are a summarization of the data collected
when the unit became operational. Hence, they correspond to tests performed in
December 2015, March, April and May of 2016.
In a solar collector the working fluid temperature rise increases as the working fluid
mass flow rate decreases [23] [28]. However, reduced flow rates increase heat losses
to the surroundings, and have a negative impact on the FR term of the governing
equation for the collector. This will reduce the useful energy gain, and consequently
the collector efficiency. FR is analogous to the effectiveness of a conventional heat
exchanger [23]. The multiplier FR reduces the useful energy gain below what would
be possible if the entire collector was at the inlet fluid temperature [23] [28]. The
maximum value of FR is the collector efficiency factor F
′. The flow rate factor, F”,
is the ratio of FR to F
′, and is a function of a single number that is calculated from
several variables, the dimensionless collector capacitance rate (m˙Cp/AcULF
′) [28]
(Figure 5.1).
In a real world settings, the working fluid temperature increases when the mass
flow rate through the collector decreases. That can be calculated using ∆T =
Qu/m˙Cp.
Therefore, tests were conducted to determine the flow rates that would yield the
highest collector’s temperature rise and those that would maximize the useful heat
gain (Figure 5.2 and Figure 5.3). In figures 5.2 and 5.3 the dependent variables were
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Fig. 5.1. Collector flow factor F” as a function of m˙Cp/AcULF
′. Re-
produced from Duffie and Beckman [23].
obtained for five efficiency zones ((Ti − Ta)/GT ) so that the effect of the fluid flow
rate could be determined.
Fig. 5.2. Collector fluid temperature rise as a function of working
fluid flow rate for five efficiency zones (I = GT ).
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Fig. 5.3. Collector heat gain as a function of working fluid flow rate
for five efficiency zones (I = GT ).
Fig. 5.4. Collector efficiency as a function of working fluid flow rate
for five efficiency zones (I = GT ).
Unlike air-type collectors, where the drying air is heated directly by the collector,
in this system there is a heat exchanger between the collector and the load. The heat
transfer is dependent on capacitance rates of both flows streams, and the highest air
temperature does not necessarily occur when the collector has reached its highest out-
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let temperature, but instead, at the optimum balance of fluids capacitance rates that
yields the greatest heat-exchanger effectiveness and heat collection by the collector.
QHX = ε(m˙Cp)min(Tco − Tai) (5.1)
Where QHX is the heat transferred at the heat-exchanger, (m˙Cp)min is the smaller
of fluid capacitance rates of the collector side and load side, Tco is the collector
fluid outlet temperature and Tai is the temperature at which the air enters the heat-
exchanger. So the air outlet temperature can be calculated by:
(m˙Cp)air(Tao − Tai) = QHX (5.2)
Where (m˙Cp)air is the air capacitance rate of, Tao is the temperature at which the
air leaves the heat-exchanger.
In chapter 3 it was pointed out that the heat-exchanger effectiveness depends on
both the capacitances at both streams which are dictated by their flow rates (Equation
3.17). Since the air stream flow rate is dictated by the drying requirements, the
collector fluid flow rate that maximizes the drying air temperature rise was determined
(Figure 5.6 and Figure B.6) and the effects of the working fluid flow rate on the air
temperature for a fixed collector outlet temperature (Figure 5.7) were determined.
The flow rate of the fan moving the air across the heat exchanger surface was measured
at 115 CFM (3.26 m3/min).
From figures 5.3, 5.4, 5.6 and B.3, it can be observed that there is an optimum flow
rate that maximizes the collector efficiency, and consequently, its useful heat gain.
The flow, however, must be balanced so that the proper heat exchanger effectiveness
is achieved in order to yield the greatest air temperature rise. Figures 5.7 and B.6
illustrate the effect of fluid flow capacitance rates on air temperature rise. There is
a positive correlation between air temperature rise and working fluid flow rate at a
given collector outlet temperature. This behavior is explained by the enhancement
of the heat-exchanger’s effectiveness at increased fluid flowrates.
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Fig. 5.5. Heat-exchanger effectiveness as a function of NTU (NTU =
(UA)HX/(m˙Cp)min; effect of flow type for CR = 1 (m˙Cp)min =
(m˙Cp)max. Reproduced from Goswami et. al. [8].
Fig. 5.6. Air temperature rise as function of of working fluid flow rate
for five efficiency zones (I = GT ).
Once the optimum flow rate value has been identified, more research should be
conducted on how to stabilize the system so it operates at the target flow rate. The
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Fig. 5.7. Air temperature rise for a fixed collector outlet temperature
as a function of working fluid flow rate.
reduced volume of fluid in the system seems to promote disturbances in fluid flow,
and further investigation into this phenomenon is needed.
The importance of the effect of the fluid flow rates can be better understood by
approaching the combination of collector plus heat exchanger as a simple collector [22].
This is accomplished by applying a heat exchanger penalty factor, Fhx, to the collector
linear model. The system useful heat gain then becomes:
Qu = AcFhxFR[GT (τα)− UL(Thx,in − Ta)] (5.3)
Where Thx,in is the inlet temperature of the load side of the heat-exchanger. The
heat exchanger penalty factor is given by:
Fhx = [1 + [FRULAc/(m˙cp)c][(m˙cp)c/εhx(m˙Cp)min − 1]]−1 (5.4)
Hence, the system shall be balanced for fluid flow rates that make Fhx as near as
possible to one, and consequently maximizes the useful energy delivered to the load.
Since ∆T = Qu/m˙Cp, it will allow the maximization of the air temperature rise used
to dry the grain. A Fhx greater than 0.9 is desirable [67].
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Fig. 5.8. Collector heat exchanger correction factor as a function
of; ε(m˙Cp)min/(m˙Cp)c and (m˙Cp)c/FRULAc. Reproduced from Duffie
and Beckman [66].
System Descriptive Statistics
The test results are shown in Figures 5.10 5.11 5.12 and summarized in Tables 5.1
and 5.2. A few conditions needed to be met before calculating the results displayed:
1. The calculations were performed for conditions in the interval [-1 hr, Solar
Noon, +1 hr]. This ensures the collector was operating close to the steady-state
condition suggested by ASHRAE 93. Hence, minimizing transient disturbances
to the analysis and angular effects;
2. Outliers (η = Qu/AcGT > 1) were removed. These can occur when there is un-
steady insolation such as when a shadow from clouds interfered with the solar
radiation intercepted by the collector during the data logging period. The ther-
mal capacitance of the fluid delays temperature drops during sudden insolation
changes.
It is important to note that apparent solar time (AST) differs from local standard
time (LST) or daylight saving time (DST), and the difference may be important [19].
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m˙, Kg/s Qu, W Efficiency
Mean 0.0362 1279.265 0.446
Standard Error 0.00091 15.964 0.006
Median 0.0319 1375.865 0.424
Standard Deviation 0.0214 376.432 0.131
Sample Variance 0.000458 141701.393 0.017
Kurtosis 14.886 0.681 3.455
Skewness 2.912 -1.050 1.357
Range 0.2089 1808.411 0.901
Minimum 0.00345 160.641 0.072
Maximum 0.2123 1969.051 0.973
Count 556 556 556
Even though the conditions stated above were met, there were some transient
effects that were still discovered during the analysis (ηmax = 0.973). For this reason
a frequency distribution (Figure 5.9) shows the most common operating efficiencies
encountered during the tests given the conditions stated above.
The result shows that the greater operating efficiency range is between 0.4 and
0.45. Within this range 77.4% is between 0.42 and 0.45. A T-test was conducted
(Appendix B) using SAS 9.4 (SAS Institute Inc., Cary, NC). The null hypothesis was
assumed the rated peak efficiency of 0.422. The results showed this null hypothesis
may be rejected. This suggests that the collector may, indeed, operate at a higher
efficiency than it was rated, as claims the manufacturer Solar America Solutions.
However, only a certificated corporation may assure what is the actual efficiency by




Air Temperature Rise, C Effectiveness Efficiency
Mean 17.714 0.540 0.402
Standard Error 0.218 0.004 0.005
Median 18.418 1375.865 0.385
Mode 19.595 - -
Standard Deviation 5.147 0.103 0.120
Sample Variance 26.495 0.011 0.014
Kurtosis 0.412 -0.011 3.517
Skewness -0.691 -0.532 1.294
Range 24.805 0.585 0.858
Minimum 3.645 0.211 0.039
Maximum 28.450 0.796 0.897
Count 556 556 556
Fig. 5.9. Collector Efficiency Frequency Distribution
.
and Beckman [23] affirm evacuated tube collectors are susceptible to more variabil-
86
ity in their design and operating at higher temperature ranges where temperature
dependence of losses is more important.
Having the maximum heat exchanger effectiveness obtained it was possible to
calculate the heat exchanger overall heat exchange coefficient and the penalty factor,
117.5 W/C and 0.91, respectively. This shows the system is well balanced considering
the airflow delivered by the fan used.
5.3.2 Drying Performance
In order to validate the drying model described in Chapter 4, the average ambient
temperature, relative humidity and drying air temperature delivered by the solar
unit for one hour time increments were determined and used as input for the drying
simulation (Figures 5.10, 5.11, 5.12 and Appendix C). The simulated results were
then compared with the experimental moisture content values. Figures 5.13, 5.14
and 5.15 show this comparison.
The model predictions were evaluated on the basis of RMSE and MBE described
in Chapter 3.
Natural air (Control) Batch 1 presented a MBE of 1.10% and RMSE of 1.24%.
Whereas, batches 2 and 3 presented a MBE of 1.78% and 2.05%, and a RMSE of
2.02% and 2.45%, respectively.
The solar performance for batch 1 returned a MBE of 3.10% and a RMSE of
3.42%. Whereas, batches 2 and 3 presented a MBE of 3.16% and 1.17%, and a
RMSE of 3.52% and 2.02%, respectively.
These results indicate the model over predicts with a small mean bias and small
mean root square error, within the acceptable limit of 10% [68]. Therefore, the model
predictions have a plausible behavior and good agreement.
It is important, however, to reinforce the drying performance dependence on the
weather conditions, airflow rate and moisture interval that needs to be reached. The























































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 5.13. Batch 01 - Predicted and observed values of the moisture
content of shelled corn.
Fig. 5.14. Batch 02 - Predicted and observed values of the moisture
content of shelled corn.
content) the control and the solar system had very similar performance. Table 5.6
shows the summary results of the experimental drying batches conducted.
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Fig. 5.15. Batch 03 - Predicted and observed values of the moisture
content of shelled corn.
This support the understanding that additional heat may only be advantageous
either under adverse weather conditions or to shorten the time of drying process
targeting very low moisture contents [69].
These results enabled the application of the model on the terms described in
Chapter 4 for a scaled-up system and the results are presented next section.
5.4 Case Study Using a Scaled-up Drying Bin
This section evaluates the solar drying system for natural air/low-temperature
(NA/LT) in-bin drying in West Lafayette, Indiana using the typical meteorological
year version 3 (TMY3) data sets derived from the 1991-2005 (TMY3) National Solar
Radiation Data Base (NSRDB) archives. Because they are based on more recent
and accurate data, these new TMY3 data sets are recommended for use in place of
earlier TMY2 data. The TMY3 data set contains data for 1020 locations, compared



























































































































































































































































































solar radiation and meteorological elements for a 1-year period. Their intended use
is for computer simulations of solar energy conversion systems and building systems
to facilitate performance comparisons of different system types, configurations, and
locations in the United States and its territories [21].
Simulation targeted an airflow rate of 1.67 m3/min − tonne (1.5 cfm/bu), 25%
corn and October 15 harvest date. The fan starting at 8 am and being shut-off at 6
pm.
The University of Minnesota Fan Selection for Grain Bins online tool [70] was
used in order to get system requirements for the targeted airflow mentioned above.
As mentioned before, the temperature rise to the drying air is highly dependent
on the total airflow flowing across the heat exchanger (fan airflow discharge). Pre-
liminary simulation showed that temperature increase would be practically negligible
for airflows higher than 2000 CFM, considering the system operating with only one
collector.
The bin configuration was chosen to match the smallest fan capacity in the fan
data base to match the target airflow through the grain mass (1.67 m3/min− tonne
/ 1.5 cfm/bu). The results yielded the following bin configuration and fan capacity
(Table 5.7):
1. Crop : Shelled Corn
2. Bin Diameter, feet: 15
3. Floor: Full
4. Target Airflow, cfm/bu: 1.5
5. Fan: 1 - 0.33 HP MFS 12” (Axial)
Simulation results compared systems using natural air, 5◦C of continuous heat
and solar energy. All conditions have 1.1◦C additional temperature rise due the fan





Location - West Lafayette, IN
Drying Start - October 15
Fan Schedule - Daily from 8 am to 6 pm
Bin Diameter Feet (Meters) 15 (4.572)
Depth Feet (Meters) 6.5 (1.98)
Initial Moisture, w.b. % 25
Final Moisture, w.b. % 15
Bushels - 919
Tonnes - 23
Airflow CFM (m3/min) 1446 (40.95)
Airflow CFM/bu (m3/min.tonne) 1.57 (1.75)
Airflow CFM/ft2 (m3/s.m2) 8.18 (0.0416)
Fan HP (kW) 0.33 (0.246)
Bulk Density lb/ft3 (Kg/m3) 40.20 (644.18)
The operational parameters described in table 5.7 are fundamental for the drying
simulation, and consequently, an energy and cost assessment. It is known that reduced
airflow rates allow higher temperatures rise in the solar system, diminishing the drying
time duration, and thereby, increasing its energy and cost efficiency when compared
with the other two methods.
With the fan and heater power requirements along with the drying time calculated
it is possible to estimate the amount of energy the system demands and how solar
energy can offset costs compared to Natural Air Drying Continuous Heat. Using the
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cost calculations reported by Bartosik and Maier [71] the drying costs ($/tonne or













• kWh = Kilowatts consumed in the drying duration time;
• LP gallons = Gallons of liquid propane consumed in the drying duration time;
• Tonnes@15% = Total metric tonnes of grain at 15% moisture content.
Once the model has demonstrated a reasonable accuracy, it was used to simulate
a scaled-up version of a drying bin in order to verify possible energy savings of the
application of the mobile platform developed in this research. The terms of the
simulation are described in Chapter 4 and the inputs described in Table 5.7. The





Weather Database TMY3 West Lafayette, IN
Collector Area m2 3.81




Mass Flow Rate of Working Fluid Kg/s 0.8223
Mass Flow Rate of Air Kg/s 0.0941
Heat Exchanger UA W/C 1000
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Fig. 5.16. TRNSYS simulated air temperature during the drying period.
Fig. 5.17. Predicted values of the moisture content of shelled corn
and drying time for scaled-up system.
For both, natural air and solar the drying conditions became really unfavorable in
mid December when moisture content reached 20%, considering the TMY3 weather
database that was used. The simulation routine then considered the winter break
in the drying process, which occurs in reality, and restarted on March 16 [14] [58].




System Natural Air Continuous Heat Solar Drying
Temperature Rise 1.1 C 1.1 + 5 C 1.1 + Solar
Fan Power, HP 0.33 0.33 0.33
Grain quantity, tonne 23.34 23.34 23.34
Drying start date 15-Oct 15-Oct 15-Oct
Drying end date 1-May 10-Dec 27-Apr
Initial Moisture 0.25 0.25 0.25
Final Moisture 0.15 0.15 0.15
Fan operating time (h) 1207 621 1170
Electricity - kWh Consumption 534.14 274.82 517.77
LP - kWh Consumption 0 5728.8 0
kWh/ tonne HOH 240.5 2703.77 233.12
Electricity Cost, $ 46.58 23.96 45.15
Electricity Cost, $/tonne 2 1.03 1.93
Fuel, BTU/gallon 0 91500 0
Total Gallons 0 213.63 0
Fuel Cost, $ 0 400.14 0
Fuel Cost, $/tonne 0 17.14 0




Liquid Propane $ per gallon 1.873
Electricity $ per kWh 0.0872
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The energy prices were gathered from the U.S. Energy Information Administration
(EIA) [72].
Even though the results show some energy and cost savings between natural air
and solar, they are not so great and the reasons are:
1. The low temperature drying process rely greatly on airflow rate and ambient
conditions so the weather conditions reflected on the weather database do not
favor both solar and natural air whereas continuous heat shortens the drying
time greatly;
2. The total airflow considered is too great for both the solar irradiation availability
and the collector size to yield great temperature rise through the system (Figure
5.16).
5.5 Summary
The test results presented here demonstrate the feasibility of the design. The most
important process variables were identified along with their influence on the drying
air temperature rise and its interaction with the grain being dried. Most important, it
set the guidelines for the design approach when using this very common solar collector
for water heating systems for a new application which is grain drying. Moreover, it
allows an economic assessment for any specific load configuration. Of course, there
is a capacity restriction that must be noticed, and this open new avenues for more
research. The pump energy spending is not considered in the energy balance because
it is assumed the low head loss of the system is suitable for a solar pump. This,
however, is appropriate for further investigation.
The system modular capacity improves its economic return by allowing year round
utilization and enables energy efficiency when coupled with existing heating systems.
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6. CONCLUSIONS, DISCUSSION, AND
RECOMMENDATIONS FOR FUTURE RESEARCH
Solar thermal system is a thermohydraulic system with operating with different com-
ponents such as: collector, heat exchanger, pump, pipes, valves and drying bed, etc.
The system as a whole demands elements of radiation, fluid mechanics, heat trans-
fer as well as control and instrumentation. In the design of a solar system it is nec-
essary to match the available power source to the task at hand. It is, therefore, not
possible to make a general case for or against the utilization of solar energy. It is nec-
essary to form a judgment on the basis of the task at hand, the systems and resources
available to achieve a technical solution and the economics involved [8].
This project has been specifically aimed towards developing a mobile solar thermal
unit with application for drying agricultural products, more specifically for drying
grains such as shelled corn.
The major objectives stated in Chapter 1 were:
1. Develop a mobile modular solar heat capture and air delivery system for low
and medium temperature batch crop drying systems and space heating;
2. Determine the performance of the modular mobile solar thermal air delivery
system in comparison to a natural air in-bin drying system tested under similar
ambient conditions by comparing results to a drying model using the same air
conditions to verify the model accuracy.
3. Apply TRNSYS modeling tool to predict heat output performance of the mobile
solar thermal platform under variable solar irradiation, collector useful heat
gain, heat exchanger, air and heat transfer fluid flow rates, and;
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4. Conduct a cost analysis of low-temperature in-bin drying systems by simulating
a natural air, continuous heat and solar heat for an in-bin drying system under
similar ambient conditions in West Lafayette, Indiana.
These objectives were approached throughout this document. In Chapter 3, ob-
jective 1 was detailed. Objectives 2, 3 and 4 were detailed in chapters 4 and 5.
Chapter 2 provided an overview of the nature of the energy source and how calcu-
lations related to the Sun’s position to a particular point on Earth are fundamental
for the system’s performance as well as other environmental aspects. Moreover, other
types of solar dryers from literature were presented in order to verify the novelty of
the design.
Chapter 3 details important engineering considerations when designing a solar
thermal system, the developed CAD model, bill of materials and appropriate calcu-
lations for the system.
Chapter 4 presented the drying modeling approach, the materials and methodol-
ogy applied in the outdoors tests conducted. Chapter 5 showed the results of impor-




• Working fluid flow rate;
• Dryer outlet temperature, and;
• Intensity of solar radiation.
There was not temperature control attempt because an important part of the
research was to investigate the correlations that yielded maximum air temperature
the system could attain.
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This was obtained by investigating the correlations between the mass flow rate
flowing through the collector at a given fixed airflow rate with the following parame-
ters:
1. Collector outlet temperature;
2. Collector useful heat gain and efficiency;
3. Collector outlet temperature and air temperature rise;
4. Heat exchanger effectiveness.
These correlations set up the basis for future work on controlling schematics in
order to reach optimization and temperature control.
Outdoors tests conducted in small-scale bins verified the adherence of a drying
simulation model, and once verified suitable, allowed its application in a scaled-up
bin to test the system feasibility for larger applications.
6.1 Conclusions
A mobile solar heater (liquid and air) was developed and tested with drying
batches of shelled corn. The system successfully rose the drying air temperature
to the levels reported in Chapter 5 and Appendix C, considering the solar irradi-
ance available, total collection area, working fluid flow rates, airflow rate and heat
exchanger size applied. As presented in this thesis, these variables are important to
right sizing a solar system given the load characteristics.
The non direct exposure to solar radiation retained the color of the product after
complete drying. This parameter is important for trading and rating the quality of
the grain.
The high variability of the working fluid mass flow rate allowed the isolation of
this variable from the other efficiency influencing factors, and it was possible to verify
an optimum range that yields the greater radiation conversion into useful heat.
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It is was noticed that flow rates around 0.04 Kg/s yielded the highest collector
efficiency. Operation near solar noon suggests a peak efficiency higher then the collec-
tor is currently rated (Appendix B). As observed in Chapter 5, this suggestion should
only stimulate a new collector rating test from a certified corporation, given the high
controlled experimental setup this test demands.
The simulated moisture removal rate agreed with the observed data. The model
can be used for optimization of the system to match the solar collection lay-out to
the desired drying capacity.
For grain harvested at a given initial moisture content on a given date and a
management strategy to operate the fan, the simulation model predicted the average
final moisture content and hours of fan operation. From these generalized results
energy requirements and drying costs were analyzed.
For the case studied, energy requirement was lowest for solar supplemented system
and highest for systems using continuous heat. However, these requirements are
highly dependent on weather conditions as observed Maier and Stroshine [69]. Given
good weather conditions supplemental heat leads to over-drying of the bottom layers
without greatly improving the drying duration time. However, in poor drying years
supplemental heat is an advantage by reducing the drying time. This is clear when
verifying the drying completion dates reported by Maier and Stroshine [69] when the
supplemental heat shortens the drying process from 11-April, using natural air, to 15-
November, using supplemental heat, for a poor drying year. Moreover, the simulation
results using TMY3 weather data also shows the same behavior.
The results presented for the drying batches performed comply with Maier and
Stroshine report [69]. The moisture removal rate of the superficial moisture remained
nearly the same for both the solar supplemented system and the natural air (control
bin). At the moisture contents below 16% the solar supplemented system starts to
outperform the control. This may be justified to the good air conditions during the
tests (late Spring). In any case, for diffusion of water located more internally in the
grain the supplemental heat is advantageous.
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6.2 Future Research
The process of a new product development takes time and several different disci-
plines of knowledge. This work set-up the boundaries for the feasibility determination
when matching the solar mobile heat to any specific drying load. This allows to access
energy and cost savings from applying this solar thermal unit.
As mentioned throughout this document, this project opens avenues for further
investigation. Some of these aspects are highlighted below:
1. Working fluid flow stabilization - Although, a pump operating at constant speed,
it was verified that the flow rate is susceptible to great oscillation throughout the
day. It is believed the small fluid volume in the system may foster this instability.
However, further investigation about the causes of these flow disturbances is
required. One possibility is changing the system to a drain-back type instead of
a closed-loop. The major difference between them is the presence of a fluid tank
between the collector and load or between the load and the returning line to the
collector. This offers a great deal of possibilities for further investigation due
the increase in pumping requirements and the excess heat necessary to warm
up the tank fluid volume to the point necessary to the process. Nevertheless,
this tank will serve as a heat storage and will allow the system to operate longer
hours after sunset. Investigating, how new setups’ pro and cons can offset the
system energy performance is necessary.
2. It was observed in Chapter 3 that the presence of a heat exchanger may change
the fan performance curve. Investigating if this will impact negatively the air-
flow delivery to the drying mass is very important since this will interfere directly
in the drying performance, and consequently, in the system economics.
3. Solar energy systems can take advantage of instrumentation and control for
timely operation at a given environmental condition. However, these controls
rely on sequence of operations and schematic diagrams which the mobile na-
ture of the system do not contribute. The unforeseeable characteristics of its
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application allied with the intermittent nature of solar energy confer a great
technical challenge in this control design area.
4. The system components selection should follow an economic principle. Larger
heat exchangers, storage tank and control schematics will add up greatly to the
product final cost and the economic impacts should be accessed by economic
engineering considering the gains in performance against the costs incurred.
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A. APPENDIX B - FLUID PHYSICAL PROPERTIES
AND SYSTEM DRAWING
Fig. A.1. Properties of liquid air. Reproduced from Mackay, M. [73].
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Fig. A.2. Properties of water. Reproduced from Mackay, M. [73].
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Fig. A.3. System Cross-Sectional view.
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B. APPENDIX B - STATISTICAL DIAGNOSTICS
Fig. B.1. Efficiency Histogram and normal distribution plot after outliers removal.
117
Fig. B.2. Efficiency vs Mass flow rate Scatter Plot after outliers removal.
Fig. B.3. Efficiency vs Mass flow rate LOESS Plot after outliers removal.
118
Fig. B.4. Efficiency T-Test.
Fig. B.5. Effectiveness vs Mass flow rate Scatter Plot after outliers removal.
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Fig. B.6. Air Temperature Rise vs Mass flow rate Scatter Plot after
outliers removal.
Fig. B.7. Mass Flow Rate Histogram and normal distribution plot
after outliers removal.
120
Fig. B.8. Operational Efficiency Zones Histogram and normal distri-
bution plot after outliers removal.
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C. APPENDIX C - SYSTEM HOURLY PERFORMANCE
122
T
ab
le
C
.1
B
at
ch
1
-
A
ve
ra
ge
h
ou
rl
y
d
at
a
re
su
lt
s
D
a
te
H
o
u
r
Ir
ra
d
ia
n
ce
,
W
/m
2
T
A
m
b
,
C
R
H
C
o
ll
e
ct
o
r
In
le
t,
C
C
o
ll
e
ct
o
r
O
u
tl
e
t,
C
D
ry
in
g
A
ir
,
C
13
-M
ay
11
61
9.
89
19
.8
7
0.
51
45
.0
4
58
.2
5
38
.4
4
12
82
3.
62
22
.8
8
0.
42
47
.6
2
57
.8
8
42
.3
9
13
73
1.
42
22
.5
6
0.
42
45
.1
2
54
.6
9
41
.0
4
14
94
1.
92
24
.7
1
0.
37
49
.4
7
60
.8
8
43
.1
15
69
0.
07
24
.9
0.
35
50
.2
4
62
.2
3
44
.3
2
16
63
4.
83
24
.8
0.
35
53
.1
6
67
.4
6
42
.1
6
17
19
7.
76
23
.4
4
0.
37
48
.2
9
74
.2
3
36
.8
4
18
12
3
20
.7
0.
42
31
.9
7
36
.5
29
.6
18
-M
ay
10
60
2.
85
18
.3
8
0.
54
41
.3
8
50
.2
5
37
.4
9
11
76
1.
63
19
.9
3
0.
45
45
.8
8
57
.1
9
40
.5
12
70
9.
71
21
.4
0.
37
46
.2
3
54
.6
3
42
.6
7
13
92
7.
95
24
.0
6
0.
29
48
.3
57
.5
6
42
.2
2
14
89
7.
19
25
.4
3
0.
25
51
.0
6
58
.4
1
46
.5
4
15
62
5.
4
26
.2
8
0.
21
52
.1
59
.2
4
47
.1
1
16
44
5.
65
25
.3
3
0.
22
49
.7
8
58
.2
4
43
.6
4
17
18
5.
96
23
.7
1
0.
26
44
.2
5
50
.2
7
36
.1
9
18
83
.2
6
22
.4
4
0.
29
39
.3
51
.8
6
29
.2
4
19
37
.2
3
19
.5
1
0.
36
25
.2
6
26
.9
4
24
.0
4
19
-M
ay
8
10
1.
74
14
.3
6
0.
61
23
.4
32
.0
8
11
.7
9
29
4.
49
17
.0
2
0.
53
38
.9
5
63
.1
8
18
.3
10
49
8.
7
20
.0
1
0.
39
39
.4
2
50
.5
3
35
.7
5
11
69
9.
78
21
.9
6
0.
27
46
.6
2
57
.6
5
42
.5
7
123
T
ab
le
C
.2
B
at
ch
2
-
A
ve
ra
ge
h
ou
rl
y
d
at
a
re
su
lt
s
D
a
te
H
o
u
r
Ir
ra
d
ia
n
ce
,
W
/m
2
T
A
m
b
,
C
R
H
C
o
ll
e
ct
o
r
In
le
t,
C
C
o
ll
e
ct
o
r
O
u
tl
e
t,
C
D
ry
in
g
A
ir
,
C
19
-M
ay
14
89
6.
47
5
25
.8
5
0.
2
52
.4
6
64
.9
8
44
.8
6
15
82
1.
1
26
.5
4
0.
18
53
.3
8
64
.6
6
45
.6
8
16
65
2.
28
25
.3
9
0.
21
51
.3
4
63
.8
5
44
.1
2
17
30
0.
95
25
.1
7
0.
23
49
.1
1
57
.6
5
42
.7
4
18
70
.8
5
24
.4
2
0.
26
42
.8
2
49
.0
8
37
.1
3
19
71
.9
8
22
.7
3
0.
29
32
.6
1
34
.6
9
30
.6
9
20
-M
ay
9
18
6.
95
18
.6
6
0.
48
26
.9
5
31
.1
5
23
.8
3
10
20
0.
48
18
.5
6
0.
48
25
.1
1
28
.5
3
22
.7
8
11
40
8.
17
21
.2
4
0.
39
31
.5
38
.0
4
27
.9
1
12
43
1.
26
22
.8
9
0.
32
39
.0
8
49
.0
7
34
.4
4
13
30
9.
75
22
.4
6
0.
33
34
.9
8
41
.7
7
31
.7
5
14
21
4.
99
21
.9
2
0.
34
31
.5
6
36
.7
6
29
.1
8
15
14
4.
26
21
.4
1
0.
35
28
.5
6
32
.3
8
26
.7
7
16
14
1.
41
21
.1
6
0.
37
27
.0
9
30
.5
1
25
.3
8
21
-M
ay
11
62
9.
78
28
.1
5
0.
41
48
.3
63
.0
5
39
.2
5
12
89
2.
09
29
.4
7
0.
34
48
.8
6
62
.2
40
.0
4
13
82
0.
7
30
.6
8
0.
27
52
.2
8
64
.6
2
43
.1
3
14
77
5.
98
31
.1
4
0.
22
53
.1
64
.2
5
44
.3
7
15
65
6.
64
30
.1
9
0.
22
49
.4
7
58
.9
1
42
.5
1
16
40
9.
83
30
0.
2
50
.1
1
63
.0
7
41
.8
5
17
12
9.
93
27
.7
4
0.
23
43
.7
5
51
.6
2
37
.5
9
18
91
.4
7
24
.6
7
0.
25
33
.9
1
38
.2
9
30
.4
3
124
T
ab
le
C
.3
B
at
ch
3
-
A
ve
ra
ge
h
ou
rl
y
d
at
a
re
su
lt
s
D
a
te
H
o
u
r
Ir
ra
d
ia
n
ce
,
W
/m
2
T
A
m
b
,
C
R
H
C
o
ll
e
ct
o
r
In
le
t,
C
C
o
ll
e
ct
o
r
O
u
tl
e
t,
C
D
ry
in
g
A
ir
,
C
22
-M
ay
10
55
0.
67
23
.8
1
0.
33
39
.5
5
50
.8
6
32
.4
7
11
71
2.
95
27
.0
7
0.
28
49
.8
3
63
.4
41
.5
8
12
83
7.
92
29
.3
8
0.
26
54
.3
5
67
.8
4
46
.3
1
13
91
2.
6
30
.9
3
0.
25
57
.8
3
71
.6
3
49
.0
1
14
89
3
31
.3
7
0.
24
58
.1
8
74
.1
9
49
.5
8
15
87
1.
42
31
.9
9
0.
23
58
.3
4
71
.5
7
49
.8
4
16
75
8.
07
31
.4
1
0.
23
56
.7
2
69
.6
48
.3
4
17
64
9.
12
31
.2
9
0.
24
54
.6
6
67
.5
6
46
.7
1
18
48
3.
9
30
.6
6
0.
25
48
.9
3
58
.4
2
42
.2
1
19
29
5.
7
29
.0
2
0.
25
39
.9
4
46
.1
1
35
.7
23
-M
ay
9
40
7.
26
20
.3
5
0.
48
30
.7
8
37
.6
4
25
.9
9
10
58
2.
58
24
.3
5
0.
46
39
.2
6
49
.2
2
34
.1
9
11
74
6.
63
26
.9
3
0.
32
49
.1
5
63
.8
9
42
.5
8
12
87
1.
1
28
.4
7
0.
27
52
.5
2
67
.7
1
46
.1
8
13
94
0.
55
29
.5
7
0.
27
55
.1
2
68
.7
7
48
.5
14
96
1.
93
30
.1
5
0.
25
54
.4
8
67
.6
4
47
.5
9
15
91
7.
57
31
.3
2
0.
23
56
.0
3
69
.9
6
48
.2
3
16
81
5.
72
32
.1
8
0.
21
56
.2
69
.2
2
48
.8
17
66
9.
48
32
.2
0.
2
54
.3
67
.0
1
47
.6
6
18
50
5.
28
32
.2
3
0.
19
49
.8
5
60
.2
3
42
.8
4
19
28
9.
05
28
.7
2
0.
22
39
.1
1
42
.7
8
35
.4
9
125
T
ab
le
C
.4
B
at
ch
03
-
A
ve
ra
ge
h
ou
rl
y
d
at
a
re
su
lt
s
C
O
N
T
.
D
a
te
H
o
u
r
Ir
ra
d
ia
n
ce
,
W
/m
2
T
A
m
b
,
C
R
H
C
o
ll
e
ct
o
r
In
le
t,
C
C
o
ll
e
ct
o
r
O
u
tl
e
t,
C
D
ry
in
g
A
ir
,
C
24
-M
ay
8
20
3.
7
18
.1
8
0.
47
23
.2
6
25
.6
4
21
.6
4
9
43
2.
93
23
.2
5
0.
43
33
.7
9
40
.9
7
30
.5
2
10
59
5.
48
27
.5
0.
39
44
.8
9
54
.4
7
39
.6
6
11
74
9.
53
30
.1
9
0.
37
52
.0
2
65
.8
5
46
.5
6
12
83
0.
47
31
.8
9
0.
34
55
.1
2
69
.1
1
50
.0
3
13
85
2
32
.9
4
0.
31
56
.1
9
68
.8
5
50
.4
2
14
94
0.
25
33
.0
8
0.
29
56
.8
71
.2
2
51
.2
5
15
87
1.
02
33
.4
6
0.
28
58
.5
6
71
.8
6
52
.1
4
16
75
9.
97
33
.4
1
0.
28
57
.4
2
69
.7
9
51
.5
4
17
60
6.
03
33
.4
3
0.
28
54
.5
6
66
.4
3
48
.8
9
18
42
9.
75
32
.3
9
0.
33
47
.1
6
55
.0
4
43
.0
4
19
24
2.
13
29
.4
2
0.
36
38
.8
2
42
.1
36
.5
1
